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was admin i s te red  under t h e  management of t h e  NASA P r o j e c t  Manager, Fir. 
F. H e  Harf ,  M a t e r i a l s  and S t r u c t u r e s  D i v i s i o n ,  NASA Lewis Research Center.  
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and M r .  I?. J. Rizzo. 
ABSTRACT 
Six  h ighly  a l loyed  nickel-base compositions were eva lua ted  t o  
s e l e c t  a base f o r  t h e  development of a new wrought h igh  temperature  
a l l o y  wi th  improved s t r e n g t h  c h a r a c t e r i s t i c s .  Four of t h e  compositions 
were succes s fu l ly  extruded and r o l l e d  t o  ba r  s tock ,  T e n s i l e  s t r e n g t h s  
from room temperature t o  l80O0F (982OC). stress rup tu re  p r o p e r t i e s  t o  
1 9 0 0 ° ~  (1038OC), s u l f i d a t i o n  and ox ida t ion  r e s i s t a n c e  and phase s t a b i l i t y  
were evaluated.  It was concluded t h a t  a composition of 0.13 C,  10 C r ,  
10 Co, 2 Mo, 5.5 I?, 8 Ta, 4.5 A l ,  1 T i ,  1 V,  1 EIf, and balance n i c k e l  
o f f e r ed  exce l l en t  p o t e n t i a l  f o r  t h e  development of a new wrought super- 
a l l oy .  
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I, SUPQ+ARY 
The ob jec t  of t h i s  program was t o  determine the  p o t e n t i a l  of s i x  
h igh ly  a l loyed  wrought nickel-base a l l o y s  f o r  use  i n  advanced gas  t u r b i n e  
engines ,  The s i x  a l l o y s  were I 5, I I b ,  I I I g  mod, I I d ,  I I I g  and Unitemp 
AJ? 2-IDA. The program was divided i n t o  two t a sks .  The f a b r i c a t i o n  
c h a r a c t e r i s t i c s  of t h e  a l l o y s  were evaluated i n  Task I, Based upon t h e  
workabi l i ty  exh ib i t ed  by t h e  a l l o y s  i n  Task I,  f o u r  compositions were 
s e l e c t e d  f o r  d e t a i l e d  proper ty  eva lua t ions  i n  Task 11. 
I n  Task I, optimum hot  working temperatures  were chosen f o r  each 
of t h e  s i x  a l l o y s  based on inhe ren t  d u c t i l i t y  p r o f i l e s  and a c t u a l  e x t r u s i o n  
s tud i e s .  The r e s u l t s  of t h e  ho t  workab i l i t y  s t u d i e s  i nd i ca t ed  t h a t ,  wi th  
t he  except ion of I I d  and I I I g ,  a l l  of t h e  a l l o y s  could be succes s fu l ly  
f a b r i c a t e d  t o  wrought ba r  product by ex t ru s ion  o r  h o t  r o l l i n g .  Radio- 
graphic  i n spec t ion  of I I d  and I I I g  ex t ru s ion  b i l l e t s  i nd i ca t ed  t h a t  i n t e r n a l  
damage had been experienced during t h e  ex t ru s ion  opera t ion .  A s  a  r e s u l t ,  
I 5, I I b ,  I I I g  mod, and Unitemp AF 2-1DA were chosen f o r  t h e  Task I1 
s t u d i e s  , 
I n  Task 11, a  s o l u t i o n  t rea tment ,  an i n t e rmed ia t e  aging t r e a t -  
ment and a  f i n a l  aging t rea tment  were s e l e c t e d  f o r  each a l l oy .  M a t e r i a l  
f o r  Task I1 t e s t i n g  was hea t  t r e a t e d  by t h e  optimum method determined f o r  
each a l l o y  and proper ty  eva lua t ions  were conducted. These included t e n s i l e  
tests over t h e  range from room temperature t o  1800°F (982°C); stress 
rup tu re  t e s t s  a t  a  v a r i e t y  of condi t ions  from 1300°F/100,000 p s i  
(704"C/688 ~ / m m ~ )  t o  1900°F/15 ,000 p s i  (1038"C/103 ~/mm') ; i n t e r r u p t e d  
low cyc l e  f a t i g u e  tests; 100 hour continuous ox ida t ion  tests conducted 
a t  1950°F (1066°C); 1000 hour c y c l i c  ox ida t ion  tests conducted a t  1875", 
1950°, and 2100°F (1024", 1066°,and11490C); s u l f i d a t i o n  t e s t s  conducted 
a t  1600" and 1800°F (871" and 982°C) ; thermal cyc l ing  f a t i g u e  tests from 
room temperature t o  1800°F (982°C); d e t a i l e d  thermal  s t a b i l i t y  eva lua t ions ;  
and stress rup tu re  t e s t i n g  of m a t e r i a l  f a b r i c a t e d  by va r ious  methods. 
Deta i led  s t r u c t u r a l  s t u d i e s  were conducted throughout t h e  program t o  
examine t h e  e f f e c t s  of s t r u c t u r e  on r e s u l t a n t  p r o p e r t i e s .  These s t u d i e s  
included o p t i c a l  and e l e c t r o n  microscopy, X-ray d i f f r a c t i o n  s t u d i e s  of 
e l e c t r o l y t i c a l l y  e x t r a c t e d  r e s idues ,  and e l e c t r o n  beam microprobe s t u d i e s .  
The r e s u l t s  of t h e  Task I1 s t u d i e s  showed I I b  t o  possess  high temperature  
s t r e n g t h  p r o p e r t i e s  s i g n i f i c a n t l y  b e t t e r  than those  exh ib i t ed  by any 
commercially a v a i l a b l e  wrought a l l o y  up t o  1900°F (1038°C). De f i c i enc i e s  
of t h e  a l l o y  included low t e n s i l e  and rup ture  d u c t i l i t y ,  poor ox ida t ion  
c h a r a c t e r i s t i c s  a t  2100°F (114g°C), and phase i n s t a b i l i t y  a f t e r  1500 hours  
exposure a t  1500°, 1600" and 1 7 0 0 " ~  (816", 871°, and 927°C). The high 
s t r e n g t h s  exh ib i t ed  by I I b  i n d i c a t e  t h a t  t h e  a l l o y  has  e x c e l l e n t  p o t e n t i a l  
f o r  use i n  advanced gas  t u r b i n e s  i f  t h e  noted d e f i c i e n c i e s  can be  co r r ec t ed  
whi le  maintaining o r  even improving s t r e n g t h  v i a  thermcmechanical tech- 
niques.  The s t r e n g t h  p r o p e r t i e s  of Unitemp AF 2-1DA were second t o  those  
exh ib i t ed  by I I b ,  bu t  i t  had h igher  d u c t i l i t y  and b e t t e r  ox ida t ion  re- 
s i s t a n c e ,  and t h e  a l l o y  remained s t a b l e  a f t e r  1500 hours  exposure a t  a11 
temperatures  evaluated.  Although I I I g  mod exh ib i t ed  t e n s i l e  s t r e n g t h s  
s i m i l a r  t o  Unitemp AF 2-1DA and good s u l f i d a t i o n  r e s i s t a n c e ,  t h e  rup tu re  
s t r e n g t h  of t h e  a l l o y  was low, a s  was its d u c t i l i t y .  The a l l o y  which 
exh ib i t ed  t h e  b e s t  r e s i s t a n c e  t o  both c y c l i c  and continuous ox ida t ion  
was I 5; however, i t s  s t r e n g t h  p r o p e r t i e s  were t h e  lowest  of t h e  f o u r  
a l l o y s  eva lua ted  i n  Task 11. 
XI, INTRODUCTION 
The a i r c r a f t  i ndus t ry  has  taken tremendous s t r i d e s  towards t h e  
development of gas  t u rb ine  engines  capable of y i e l d i n g  increased  t h r u s t s  
and e f f i c i e n c i e s .  The primary means of achieving t h e s e  i n c r e a s e s  has  been 
t o  r a i s e  the  opera t ing  temperature  w i th in  t h e  ho t  s e c t i o n  of t h e  engine. 
However, continued progress  i n  t h i s  a r e a  has  been s e r i o u s l y  r e t a rded  by 
m a t e r i a l s  l i m i t a t i o n s  . Cur r e n t  l y  a v a i l a b l e  m a t e r i a l s  a r e  n o t  capable 
of maintaining t h e  combination of p r o p e r t i e s  r equ i r ed  f o r  e f f i c i e n t  s e r v i c e  
a t  increased  opera t ing  temperatures .  Therefore ,  f u r t h e r  improvements i n  
t u r b i n e  engine technology w i l l  be  dependent upon t h e  development of new 
m a t e r i a l s  capable of main ta in ing  s t r e n g t h ,  creep and s t a b i l i t y  p r o p e r t i e s  
while  e x h i b i t i n g  good ox ida t ion  r e s i s t a n c e  a t  increased  ope ra t i ng  t e m -  
pe ra tu re s .  
This  program was i n i t i a t e d  t o  eva lua t e  t h e  p o t e n t i a l  of s i x  
n i c k e l  base a l l o y s  f o r  use i n  advanced gas  t u rb ines  a t  i nc reased  ope ra t i ng  
temperatures.  Five of t h e  loys  were o r i g i n a l l y  developed on NASA 
Contract  HAS 3-7267 by TRW('f and t h e  s i x t h  a l l o y ,  Unitemp AF 2-IDA, was 
developed under A i r  Force Contract  AF33(615)-1729 by Universal-Cyclops 
Spec i a l t y  S t e e l  Div is ion  (2 ) .  The primary problem wi th  t h e s e  a l l o y s  
is t h a t  they a r e  no t  commercially a v a i l a b l e  a t  t h e  p re sen t  t i m e  and l i t t l e  
information is a v a i l a b l e  concerning t h e i r  o v e r a l l  c a p a b i l i t i e s .  This 
program was designed t o  eva lua t e  t h e  f a b r i c a b i l i t y ,  mechanical and cor- 
ro s ive  p r o p e r t i e s ,  thermal  s t a b i l i t y ,  and gene ra l  meta l lu rgy  of the  s i x  
a l l oys .  The s p e c i f i c  o b j e c t i v e  of t h e  program was t o  determine which of 
these  a l l o y s  could be f a b r i c a t e d  by common product ion techniques,  and t o  
s e l e c t  t h e  b e s t  composition f o r  t h e  development of a  wrought n i c k e l  base 
supe ra l l oy  s u b s t a n t i a l l y  s t r o n g e r  than  those  c u r r e n t l y  ava i l ab l e .  
This  r epo r t  covers t h e  work performed during t h e  twenty months 
of NASA Contract  NAS 3-11155. It inc ludes  a  review of t h e  o v e r a l l  program, 
d e s c r i p t i o n s  of p e r t i n e n t  equipment, a  review of t he  experimental  pro- 
cedures ,  d e t a i l s  of t h e  r e s u l t s  ob ta ined ,  and a  d i s cus s ion  of t he se  
r e s u l t s .  
III. PROCEDURE 
A. Task I 
__II__ 
1. Mate r i a l s  
Vi rg in  raw m a t e r i a l s  were used f o r  a l l  h e a t s  melted t o  minimize 
t he  l e v e l  of impuri ty  elements and t o  reduce t h e i r  e f f e c t s  on r e s u l t i n g  
p rope r t i e s .  A minimum p u r i t y  l e v e l  of 99.9 percent  was s p e c i f i e d  f o r  
a l l  a l l oy ing  elements.  
2. Mel t ing  
Each of t h e  s i x  a l l o y  compositions was double vacuum melted a s  
one 50-pouna (22.7 kg) and one 100-pound (45.4 kg) heat .  Second 100- 
pound (45.4 kg) hea t s  of I I b  and I I I g  mod were l a t e r  mel ted t o  provide 
a d d i t i o n a l  ma te r i a l .  The i n i t i a l  mel t ing ope ra t i ons  were conducted i n  
vacuum induct ion  furnaces .  The as-cast  e l e c t r o d e s  were then vacuum 
consumable-arc remelted t o  ob t a in  t h e  f i n a l  c a s t  product ,  
The g e n e r a l  procedure f o r  vacuum induc t ion  melt ing was t h e  same 
f o r  both t h e  50- (22,7 kg) and t h e  100-pound (45.4 kg) hea ts .  The f i r s t  
s t e p  was t h e  mel t ing  of t h e  main charge which cons is ted  of n i c k e l ,  
chromium, tantalum, molybdenum, tungsten,  and one-half of t h e  t o t a l  carbon 
addi t ion .  A f t e r  the  i n i t i a l  melt-down, coba l t  and t h e  remainder of t h e  
carbon were added. The ba th  was then allowed t o  coo l  and form a t h i n  
"skin" on t h e  s u r f a c e  p r i o r  t o  t h e  a d d i t i o n  of t h e  r e a c t i v e  elements ,  
t i t an ium and aluminum. Af t e r  t h e  t i t an ium and aluminum were added, power 
was slowly increased  allowing these  elements t o  m e l t  i n  slowly wi th  a 
minimum of reac t ion .  Zirconium and nickel-boron were then added a long  
wi th  rhenium, ha£ nium, columbium, and vanadium, i f  required.  Each h e a t  
was deoxidized by plunging magnesium i n t o  t h e  ba th  a f t e r  t h e  temperature  
had s t a b i l i z e d  a t  2850°F (1566OC). The ba th  was then cooled t o  ap- 
proximately 27S0°F (1510°C), and t h e  product was c a s t  i n t o  steel e l e c t r o d e  
molds, 
The SO-pound (22.7 kg) h e a t s  were c a s t  i n t o  2-112 inch (0.063 m) 
diameter  round e l ec t rodes .  The r e s u l t i n g  e l e c t r o d e s  were vacuum consumable- 
a r c  remelted i n t o  two 3-118 inch (0.079 m) diameter  i ngo t s  weighing ap- 
proximately 25 pounds (11.4 kg) each. The 100-pound (45.4 kg) h e a t s  
were c a s t  i n t o  fou r  inch (0.10 m) diameter  e l e c t r o d e s ,  and were vacuum 
consumable-are remelted i n t o  5-314 inch (0.145 m) diameter i n g o t s ,  
A one-half inch (0.013 m) s l i c e  was sec t ioned  from each vacuum 
induct ion  melted e l ec t rode  for X-ray spec tographic  ana lys i s .  The s l i c e s  
were a l s o  l a t h e  turned t o  provide ch ips  f o r  wet chemical a n a l y s i s ,  Carbon, 
boron, hafnium, and zirconium were analyzed by wet chemistry techniques.  
X-ray spec tographic  techniques were employed t o  analyze the remainder of 
t h e  elements,  
As-cast Gleeble  ho t  workab i l i t y  s t u d i e s  were conducted on 
m a t e r i a l  from t h e  100-pound (45.4 kg) double vacuum melted h e a t s ,  
A t h r e e  inch (0.076 m) t h i ck  s l i c e  was sec t ioned  from t h e  5-314 
inch (0.145 m) diameter  i ngo t s  of each of t h e  s i x  experimental  compo- 
s i t i o n s .  S ix teen  t r a n s v e r s e  Gleeble  h o t  d u c t i l i t y  specimens were 
sec t ioned  and machined t o  t he  r equ i r ed  dimensions of one-quarter inch  
(0.006 m) diameter  and 5-112 inches  (0.140 m) long, E ight  specimens 
from each ingot  were used t o  develop inhe ren t  d u c t i l i t y  p r o f i l e s  f o r  
each a l l o y  over  t h e  temperature range of 1850" t o  2100°F (1010° t o  
1149°C). For t h e s e  t e s t s ,  t h e  specimens were heated a t  a r a t e  of 8 5 ' ~  
(45°C) p e r  second t o  t he  s p e c i f i e d  temperature  i n  t h e  hot  working range,  
he ld  f o r  f i v e  minutes,  and pu l l ed  i n  t ens ion  a t  a nominal s t r a i n  r a t e  
of f i v e  seconds "I. This  s t r a i n  r a t e  approximates t h e  r a t e  of ex t ru s ion .  
Ult imate  t e n s i l e  s t r e n g t h  and reduc t ion  of a r e a  were measured and recorded 
f o r  each specimen. The d u c t i l i t y  d a t a  wera p l o t t e d  ve r sus  temperature  
t o  provide an i nhe ren t  d u c t i l i t y  p r o f i l e  f o r  each a l l o y  i n  t h e  c a s t  
condi t ion.  
Four specimens from each a l l o y  were used t o  develop hot  work 
s imula t ion  p r o f i l e s .  Specimens were hea ted  t o  t h e  optimum d u c t i l i t y  
temperature ( a s  der ived  from the  i nhe ren t  d u c t i l i t y  p r o f i l e s ) ,  he ld  f o r  
f i v e  minutes,  cooled t o  a lower "working" temperature,  and p u l l e d  i n  
tens ion .  The same d a t a  were developed a s  before ,  and d u c t i l i t y  ve r sus  
temperature was p l o t t e d  t o  provide a h o t  work s imula t ion  p r o f i l e .  
Four specimens were a l s o  used t o  eva lua t e  t he  p o t e n t i a l  of 
homogenization h e a t  t rea tments  t o  improve workabi l i ty .  A l l  specimen 
blanks were hea ted  t o  2250°F (1232°C) and were he ld  a t  temperature  
f o r  20 hours.  Af t e r  t h i s  t reatment ,  t h e  blanks were f i n i s h  machined 
t o  s i z e ,  and hot  work s imula t ion  p r o f i l e s  w e r e  developed a s  descr ibed  
above. The s t r a i n  r a t e  f o r  t h i s  test was increased  t o  20 seconds 'I, 
which more c l o s e l y  approximates r o l l i n g  and hammer forg ing  r a t e s .  
M a t e r i a l  from one of t h e  two 25-pound (11.4 kg) vacuum 
consumable-arc remelted i n g o t s  of each a l l o y  was used f o r  t h e  s i n g l e  ex- 
t ru s ions .  One 3-118 inch (0.079 m) diameter  ingot  of each a l l o y  was c u t  
i n  h a l f .  Each p i e c e  was turned t o  2-112 inches  (0.063 m) i n  diameter  and 
canned i n  112 inch  (0,013 m) t h i ck  mild s t e e l  i n  p repa ra t i on  f o r  e x t r u s i o n  
a t  A i r  Force Ma te r i a l s  Laboratory (ARIL), Wright-Patterson A i r  Force Base. 
A schematic  r ep re sen t a t i on  of t he  type of conta iner  used is shown i n  
Figure l A ,  Tile two canned p ieces  of each a l l o y  composition were coated 
with a g l a s s  s l u r r y ,  hea ted  t o  t h e  des i r ed  ex t ru s ion  temperature ,  soaked 
f o r  a minimum of one hour,  and extruded t o  a canned diameter  of 1-1/8 
inches (0.028 m). The f i r s t  canned p i e c e  from each composition was 
extruded from t h e  optimum temperature der ived  from the  Gleeble  i nhe ren t  
d u c t i l i t y  p r o f i l e s ,  The temperatures  were increased  f o r  t h e  ex t ru s ion  
of t h e  second p i e c e  from each hea t  i n  an e f f o r t  t o  achieve b e t t e r  work- 
a b i l i t y .  Alloys I I b ,  I I I g  mod, I I I g ,  and I I d  requi red  a d d i t i o n a l  test  
ex t ru s ions  due t o  t h e i r  poor workab i l i t y  and t h e  remaining 25-pound 
(11.4 kg) i ngo t  of each of t he se  a l l o y s  (which had been scheduled f o r  
r o l l i n g  and fo rg ing  s t u d i e s )  was prepared a s  descr ibed  above f o r  a d d i t i o n a l  
t r i a l  ex t rus ions .  These e i g h t  a d d i t i o n a l  e x t r u s i o n s  were conducted a t  
working temperatures  above those  o r i g i n a l l y  der ived from t h e  Gleeble  h o t  
d u c t i l i t y  tests, 
Double Extrusions 
The s i x  5-3/4 inch (0.145 m) diameter  i n g o t s  from the  100- 
pound (45.4 kg) h e a t s  were turned t o  5-1/2 i nch  (0,140 m) diameter  and 
were placed i n  t h r e e  mi ld  steel cans (two i n g o t s  p e r  can). The i n g o t s  
were arranged i n  t h e  cans based on t h e  optimum ex t rus ion  temperatures  
f o r  each a l l o y  der ived  from t h e  as-cast  Gleeble  i nhe ren t  d u c t i l i t y  
p r o f i l e s ,  A schematic  r ep re sen t a t i on  of t h e  canned i n g o t s  is shown i n  
Figure 18, The ex t ru s ions  were 7erformed a t  t he  Canton Drop Forging and 
Manufacturing Company. The canned i n g o t s  were preheated a minimum of 
fou r  hours a t  1200°F (649°C) and then t r a n s f e r r e d  t o  s a l t  ba th  furnaces  
and soaked a minimum of two hours  a t  t h e  des i r ed  working temperature.  
The 7-1/2 inch (0.19 m) diameter canned i n g o t s  were extruded t o  3-112 
inch (0.089 m) diameter canned b i l l e t s  t o  complete t h e  f i r s t  s t e p  of t h e  
double ex t rus ion .  Because t h e  f i r s t  e x t r u s i o n s  f o r  I I b  and I I I g  mod were 
unsuccessful ,  a d d i t i o n a l  ex t ru s ions  f o r  t h e s e  a l l o y s  were performed a t  
a l a t e r  date .  These ex t ru s ions  used m a t e r i a l  from t h e  second 100-pound 
(45.4 kg) hea t  of each of t h e  a l l o y s ,  however, t he  o r i g i n a l  ex t ru s ion  
temperatures were increased.  
The second phase of t h e  double ex t ru s ion  was conducted a t  
AFML. The 3-1/2 inch (0,089 m) diameter  canned b i l l e t s  were decanned, 
turned t o  2-1/2 inches  (0.063 m) i n  diameter ,  sec t ioned  i n t o  approximately 
f i v e  inch (0.127 m) lengths ,  and recanned t o  2.92 inches  (0.074 m) i n  
diameter i n  p repa ra t i on  f o r  ex t ru s ion  a t  AFMLo The schematic  i l l u s t r a t i o n  
of a canned b i l l e t  is  shown i n  Figure 1A. This  opera t ion  was conducted 
only f o r  t h e  f o u r  a l l o y s  s e l e c t e d  f o r  t h e  Task I1 s t u d i e s :  Unitemp ' 
AF 2-IDA, I 5 ,  I I b ,  and I I I g  mod. The canned b i l l e t s  were g l a s s  coated,  
heated t o  t h e  des i r ed  ex t ru s ion  temperature,  soaked, and extruded t o  a 
canned diameter  of 1-1/8 inches  (0.028 m) . 
Due t o  t h e  a d d i t i o n a l  ex t ru s ion  s t u d i e s  requi red  f o r  a l l o y s  
I I b ,  ILIg mod, I I I g ,  and I I d ,  t he  eva lua t ion  of r o l l i n g  and forg ing  of 
as-east  m a t e r i a l  was l im i t ed  t o  Unf temp AF 2-1DA and I 5. One ha l f  of 
t he  remaining 25-pound (11.4 kg) ingot  from each a l l o y  was used f o r  t he  
r o l l i n g  eva lua t ion ,  and the  o the r  ha l f  was used f o r  forging.  
Both i n g o t s  were soaked a t  2050°F (1121°C) f o r  a  minimum 
of one hour p r i o r  t o  i n i t i a t i n g  r o l l i n g ,  The 3-1/8 inch  (0.079 m) 
d f m e t e r  i n g o t s  were r o l l e d  without  cans t o  one inch  (0,025 m) round 
corner  square  b a r s  us ing  a reduc t ion  pe r  pas s  of 0.010 t o  0,015 inch 
(0.0002 t o  0.0004 m) wi th  t h r e e  t o  f o u r  pas se s  p e r  rehea t .  The m a t e r i a l  
was rehea ted  t o  2050°F (1121°C) a s  necessary  t o  main ta in  a  minimum 
working temperature of 1850°F (lOIO°C), 
The fo rg ing  s t u d i e s  were conducted on uncanned m a t e r i a l  
using a  hammer fo rg ing  u n i t .  The soaking and rehea t ing  temperature 
used f o r  both Unitemp AF 2-1DA and I 5 was aga in  2050°F (1121°C) and 
t h e  working temperature  was maintained above 1850°F (1010°C). Although 
t h e  reduc t ions  could n o t  be con t ro l l ed  a s  c l o s e l y  a s  i n  r o l l i n g ,  t h e  
ope ra t i on  began wi th  sma l l  reduc t ions ,  which increased  slowly a s  t h e  
p i ece  rece ived  more work. 
Eight  Gleeble  specimens were s ec t i oned  from one inch  (0.025 m) 
diameter ba r s  i n  both t he  s i n g l e  and double extruded condi t ions.  These 
specimens were used t o  develop inheren t  d u c t i l i t y  p r o f i l e s  f o r  t h e  ex- 
per imenta l  a l l o y s  i n  t h e  wrought form. Tes t ing  was conducted on a l l  
s i x  of t h e  a l l o y s  i n  t h e  s i n g l e  extruded condi t ion .  However, only 
those a l l o y s  l a t e r  s e l e c t e d  f o r  Task I1 s t u d i e s  (AF 2-IDA, I 5 ,  I I b ,  
and I I I g  mod) were t e s t e d  i n  t h e  double extruded condi t ion.  The t e s t  
procedure was t he  same a s  prev ious ly  descr ibed  f o r  developing inhe ren t  
d u c t i l i t y  p r o f i l e s ,  except  t h a t  the  s t r a i n  r a t e  was increased  t o  20 
seconds '1 t o  more c l o s e l y  represen t  r o l l i n g  and forg ing  opera t ions .  
A rad iographic  i n spec t ion  technique was used t o  examine s i n g l e  
extruded b a r s  of I I b ,  I I I g  mod, I I g ,  and I I d  t o  d e t e c t  pos s ib l e  subsur face  
de fec t s .  The b a r s  were f i r s t  sec t ioned  i n t o  s i x  inch  (0.15 m) long 
segments and t h e  rough, s ca l ed  s u r f a c e  of t h e  can was machined t o  a  
smooth f i n i s h .  The b a r s  were radiographed i n  two p o s i t i o n s ,  t he  second 
represen t ing  a  90" r o t a t i o n  around t h e  l o n g i t u d i n a l  a x i s  from the  i n i t i a l  
pos i t i on .  This  method i s  e f f e c t i v e  f o r  d e t e c t i n g  po ros i t y ,  c racks ,  and 
o t h e r  types  of vo ids  which may have r e s u l t e d  from processing opera t ions .  
7. S t r u c t u r a l  Examination 
Deta i led  s t r u c t u r a l  examinations were conducted on samples from 
each of the  s i x  a l l o y  compositions i n  t h r e e  condi t ions :  1) as -cas t ,  
2) as-extruded, and 3) quenched from the  optimum working temperature. 
The s t r u c t u r a l  examination cons is ted  of o p t i c a l  metal lography,  X-ray 
phase ana lys i s ,  and e l e c t r o n  beam microprobe ana lys i s .  
The samples were prepared f o r  o p t i c a l  microscopy examination 
by mechanical po l i sh ing  and e tch ing  i n  one of t h e  following s o l u t i o n s ,  
depending on t h e  response t o  t he  s o l u t i o n  and the  des i r ed  e f f e c t :  
1 )  60 percent  water 
15  percent  s u l f u r i c  ac id  
15 percent  hydrof luor ic  ac id  
9 percent  n i t r i c  ac id  
1 percent  hydrogen peroxide 
2) 85 percent  water  
14 percent  hydrochloric  ac id  
1 percent  hydrogen peroxide 
Photomicrographs were taken a t  200X and 500X f o r  each of t h e  samples 
examined . 
Samples f o r  X-ray phase a n a l y s i s  were prepared f o r  e l e c t r o l y t i c  
e x t r a c t i o n  by f i r s t  sandblas t ing  the  p i ece  a t  l o w  pressure.  The samples 
were then cleaned e l e c t r o l y t i c a l l y  i n  a s o l u t i o n  of t e n  percent  hydro- 
c h l o r i c  acid i n  methanol f o r  t e n  minutes. The samples were r in sed  and 
e x t r a c t i o n s  were conducted i n  a new t e n  percent  hydrochlor ic  ac id  i n  
methanol so lu t ion .  The samples were ex t r ac t ed  f o r  one-half hour using 
a cu r r en t  dens i ty  of 0.25 amps per  square inch (400 amps pe r  square meter) .  
The res idues  were cleaned i n  methanol, d r i ed ,  mounted on g l a s s  s l i d e s  and 
subjec ted  t o  X-ray d i f f r a c t i o n  analyses  t o  i d e n t i f y  t he  phases present .  
Microprobe samples were sec t ioned ,  mounted i n  copper-epoxy, 
and pol i shed  through 0.5 micron diamond i n  prepara t ion  f o r  s tudy.  These 
s t u d i e s  were designed t o  determine the  degree and type of segrega t ion  
i n  specimens i n  t h e  c a s t ,  extruded, and quenched condit ions.  Seve ra l  
types of s t u d i e s  were conducted, depending on the  condit ion of t h e  sample. 
These s t u d i e s  included p o i n t  counts,  element scans, and X-ray and specimen 
cu r ren t  image photography. 
The poin t  count method c o n s i s t s  of focusing the  beam t o  a diameter  
of t e n  microns and counting the  X-ray i n t e n s i t y  of a p a r t i c u l a r  element 
i n  t h a t  a r ea  f o r  f i v e  seconds. After t h e  f i v e  second count, the  sample 
is s h i f t e d  s i x  microns i n  t h e  des i red  d i r e c t i o n  and counts a r e  r e g i s t e r e d  
i n  t h a t  a r ea  f o r  t h e  same element. The sample cont inues s h i f t i n g  i n  the 
same d i r e c t i o n  u n t i l  t h e  des i red  s topping po in t  is  reached. The same 
path is  repeated f o r  each element t o  be evaluated.  These counts a r e  then 
p l o t t e d  f o r  each s t e p  t o  de te rn ine  any s i g n g i c a n t  v a r i a t i o n s ,  This  is  
the most s e n s i t i v e  technique, and was used t o  d e t e s t  segrega t ion  ac ros s  
d e n d r i t i c  a reas  and wi th in  gra ins .  
The procedure f o r  element scans  v a r i e s  somewhat from the  
po in t  count procedure,  a l though the  end r e s u l t  is v e r y  s i m i l a r .  This 
technique is  not  a s  s e n s i t i v e  a s  t h e  po in t  count method, b u t  i t  is  f a s t e r  
f o r  long d i s t ance  t r ave r se s .  For t h i s  method, t h e  specimen is  t r ave r sed  
under a one micron diameter beam a t  a speed of 15 microns pe r  minute. 
Deviat ions i n  element concent ra t ion  a r e  recorded s imultaneously on a 
c h a r t  incorpora ted  i n t o  t he  un i t .  This  method can be  used f o r  examining 
a r ea s  which would be  t o o  l a r g e  t o  employ po in t  counts ,  and t o  determine 
segrega t ion  on a microscopic s ca l e .  
X-ray and specimen cu r r en t  image photography was used t o  
d e t e c t  element dev ia t i ons  over a r e l a t i v e l y  l a r g e  a rea .  For t h i s  method, 
the  beam scans an a r e a  of approximately 320 square  microns. F luc tua t ions  
i n  element concent ra t ion  w i t h i n  t h e  a r e a  under examination a r e  viewed on 
an o sc i l l o scope  screen. Photographs represen t ing  t h e  concent ra t ions  of 
each element a r e  taken d i r e c t l y  from the  screen.  This  is a technique 
which is  easy t o  i n t e r p r e t  and i l l u s t r a t e ,  but i t  is t h e  l e a s t  s e n s i t i v e .  
B ,  Task I1 
1. Heat Treatment Evaluat ion 
a. Heat Treatment S tud ie s  
A heat  t reatment  eva lua t ion  was conducted on double extruded 
b a r  m a t e r i a l  represen t ing  t h e  Unitemp PF 2-IDA, I 5 ,  I I b ,  and I I I g  mod 
compositions. The b a r s  were decanned and cu t  i n t o  s i x  inch (0.15 m) 
long segments f o r  g r ad i en t  b a r  s t u d i e s .  The b a r s  were ground f l a t  on 
p a r a l l e l  s i d e s  t o  provide a s u r f a c e  f o r  hardness measurements. Three 
optimum temperatures ,  i nc lud ing  a s o l u t i o n  t reatment  temperature ,  an 
in te rmedia te  aging temperature,  and a f i n a l  aging temperature  were de- 
termined f o r  each composition. 
The g rad i en t  b a r  t rea tments  were performed i n  a s p e c i a l  
g r ad i en t  furnace. The des i r ed  temperature g rad i en t  t o  be maintained 
from one end of t h e  b a r  t o  t he  o t h e r  was monitored and con t ro l l ed  by 
thermocouples a t tached  a t  one inch  (0.025 m) i n t e r v a l s .  The a c t u a l  t em-  
pe ra tu re  a t  any po in t  on the  b a r  can be determined from t h e  thermocouple 
record. 
Solu t ion  t reatment  temperatures  were eva lua ted  by t r e a t i n g  
grad ien t  b a r s  over t h e  range of 1800° t o  2300°F (982O t o  1260°C) f o r  
two hours and a i r  cooling. Af t e r  removing t h e  b a r s  from t h e  furnace ,  
t he  l o c a t i o n  f o r  each temperature  was marked and hardness  read ings  were 
taken across  the  f l a t  s u r f a c e  a t  var ious  temperatures fol lowing a l i g h t  
s u r f a c e  gr ind ing  opera t ion  t o  remove the  s ca l e .  The b a r s  were then sec- 
t ioned  a t  100°F (55OC) i n t e r v a l s  and were prepared f o r  examination by 
o p t i c a l  microscopy. Approximately f i v e  one-quarter inch  (0.006 m) square  
specimens from each composition were sec t ioned  and h e a t  t r e a t e d  wi th in  
t h e  optimum range determined from t h e  g rad i en t  ba r  s t u d i e s  i n  o rde r  t o  
v e r i f y  t h e  g rad ien t  r e s u l t s ,  I n  s e v e r a l  cases ,  t h e  hea t  t reatment  t i m e s  
were modified i n  an e f f o r t  t o  achieve the  d e s i r e d  s t r u c t u r a l  charac te r -  
i s t i c s ,  From t h i s  information,  an optimum s o l u t i o n  t reatment  temperature 
was chosen f o r  each a l loy .  The temperatures were chosen based upon t h e  
degree of carb ide  and g m a  prime so lu t ion ing  and e s p e c i a l l y  on g r a i n  
s i z e ,  A uniform g ra in  s i z e  of ASTM 4 t o  5 was the  des i r ed  aim i n  o r d e r  
t o  maintain a constant  g r a i n  s i z e  i n  a l l  a l l o y  compositions f o r  subsequent 
t e s t i n g .  
Optimum in te rmedia te  aging temperatures were determined 
f o r  each a l l o y  i n  a s i m i l a r  manner, The ba r s  were f i r s t  s o l u t i o n  
t r e a t e d  according t o  the  optimum condit ions s e l e c t e d  from t h e  above 
s tud ie s .  Intermediate  aging temperatures over  t h e  range of 1500" t o  
2000°F (816" t o  1 0 9 3 " ~ )  were evaluated a t  aging times of two and s i x t e e n  
hours. Again one-quarter inch  (0.006 m) square specimens were h e a t  
t r e a t e d  wi th in  the  genera l  range determined from t h e  g rad ien t  ba r  
s t u d i e s  and examined by o p t i c a l  microscopy t o  v e r i f y  t h e  optimum 
in te rmedia te  aging temperatures,  Optimum temperatures  were chosen 
based upon the  degree of gamma prime nuc lea t ion  and carb ide  p r e c i p i t a t i o n .  
The f i n a l  aging temperature s t u d i e s  were conducted on g r a d i e n t  
bars  which were s o l u t i o n  t r e a t e d  and in te rmedia te  aged according t o  the  
condi t ions  previously e s t ab l i shed .  The g rad ien t  ba r s  were subjec ted  
t o  s i x t e e n  hour aging t rea tments  over t h e  range of 1100" t o  1600°F 
(593" t o  871°C). Optimum f i n a l  aging temperatures were determine,d 
f o r  each a l l o y  by e l e c t r o n  microscopy based upon t h e  morphology of t he  
carb ide  and gamma prime cons t i t uen t s ,  
E lec t ron  microscopy specimens were mechanically pol i shed  through 
a 600 g r i t  s i l i c o n  carbide abras ive  and e l e c t r o l y t i c a l l y  pol ished i n  a 
pe rch lo r i c  ac id  i n  a lcohol  so lu t ion .  The specimens were etched i n  a 
v a r i e t y  of so lu t ions ,  namely pe rch lo r i c ,  hydrochloric  and s u l f u r i c  a c i d s ,  
t o  emphasize t h e  des i red  s t r u c t u r a l  c h a r a c t e r i s t i c s .  The pol ished and 
etched specimens were then s i n g l e  s t a g e  r e p l i c a t e d  using a one percent  
s o l u t i o n  of par lodion i n  isoamylacetate.  Shadowing was performed wi th  
chromium a t  an angle of approximately 15". A l l  e l e c t r o n  micrographs were 
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taken a t  a magnif icat ion of 2500X, and were photographical ly  enlarged t o  
5000X. 
b, S t r u c t u r a l  Examination 
Af ter  t h e  optimum hea t  t reatments  were s e l e c t e d  f o r  each  
a l l o y ,  t h e  s t r u c t u r a l  c h a r a c t e r i s t i c s  a f t e r  each s t a g e  of t h e  hea t  
t reatment  were determined by o p t i c a l  and e l e c t r o n  microscopy, X-ray 
d i f f r a c t i o n  of ex t r ac t ed  res idues ,  and e l e c t r o n  beam microprobe techniques.  
The procedures used were d e t a i l e d  i n  previous sec t ions .  
A l l  specimens f o r  mechanical t e s t i n g  were sect ioned from double 
extruded ba r  m a t e r i a l ,  rough machined, rad iographica l ly  inspec ted ,  h e a t  
t r e a t e d  by t he  optimum method, and f i n i s h  machined and golfshed t o  t h e  
prescr ibed  dimensions, The test specimen conf igura t ions  and dimensions 
a r e  i l l u s t r a t e d  i n  F igure  2, Tens i l e  tests, stress rupture  tests and 
i n t e r r u p t e d  l o w  cyc l e  f a t i g u e  tests, were included i n  t h i s  eva lua t ion .  
a. Tens i l e  Tes t s  
Duplicate  t e n s i l e  t e s t s  were conducted a t  room temperature ,  
1000°, 1200°, 1400°, 1600°, and 1800°F (538", 649", 760°, 871°, and 982°C). 
A l l  t e n s i l e  tests were conducted on a 50,000 pound (2270 kg) capac i ty  
Baldwin-Emery t e n s i l e  t e s t i n g  machine The specimens were pu l l ed  a t  a 
nominal s t r a i n  r a t e  of 0.005 minute up t o  t h e  0.2 percent  y i e l d  p o i n t ,  
where t h e  s t r a i n  r a t e  was increased  t o  0.05 minute -I. The y i e l d  p o i n t  
was measured by use of a def lectometer .  Spec i a l  fu rnaces  were employed 
f o r  e h v a t e d  tem)krature t e s t i n g  and t h e  specimens were he ld  a t  temperature  
f o r  a minimum of 20 minutes before  t e s t i n g .  
S t r e s s  rup tu re  tests were conducted i n  d u p l i c a t e  a t  t h e  
fol lowing condi t ions :  
S t r e s s  
100,000 p s i  
90,000 p s i  
85,000 p s i  
70,000 p s i  
55,000 p s i  
30,000 p s i  
25,000 p s i  
20,000 p s i  
15,000 p s i  
The t e s t s  were conducted on l e v e r  arm t e s t i n g  machines. 
The samples were loaded i n t o  t h e  furnace ,  heated t o  t h e  des i r ed  temperature ,  
and he ld  f o r  15 minutes p r i o r  t o  t h e  load being appl ied.  Rupture l i f e  was 
measured from t h e  t i m e  t h e  load was appl ied .  Sample temperature was con- 
t r o l l e d  t o  - + 5°F (3°C). 
2) S t r u c t u r a l  Examinations 
Three s t r e s s  rup tu re  test specimens from each composition 
were s e l e c t e d  f o r  d e t a i l e d  s t r u c t u r a l  examinations,  The s e l e c t e d  
specimens cons is ted  of a high temperature  test ,  1900°F/15,000 p s i  (1038"C/ 
2 103 N/mm ) ;  a moderate temperature test ,  1600°F/55,000 p s i  (871°C/ 
2 380 N/mm ) ;  and a low temperature test ,  1400°F/90,000 p s i  (760°C/ 
620 ~ / m m ~ ) .  The s t r u c t u r a l  e x m i n a t i o n s  included o p t i c a l  and e l e c t r o n  
microscopy and X-ray d i f f r a c t i o n  of e l e c t r o l y t i c a l l y  ex t r ac t ed  r e s idues ,  
These procedures were conducted a s  prev ious ly  descr ibed.  
Dupl ica te  i n t e r r u p t e d  low cyc le  f a t i g u e  t e s t s  were conducted 
on each a l l o y  a t  t h e  fol lowing condi t ions:  
S t r e s s  
1300°F (704°C) 110,000 p s i  (758 ~/mm:) 
1350°F (732°C) 100,000 p s i  (690 N/mm2) 
1 4 5 0 " ~  ( 7 8 8 " ~ )  80,000 p s i  (550 N/mm ) 
The t e s t s  were conducted on an I n s t r o n  Universal  t e s t i n g  machine equipped 
f o r  t h i s  type of test. The specimens were notched t o  g ive  a s t r e s s  
concent ra t ion  f a c t o r  (Kt) of 2.5. Each t e s t i n g  cyc le  cons i s t ed  of in-  
c reas ing  t h e  load on t h e  specimen from zero  t o  t he  d e s i r e d  va lue  i n  t e n  
seconds, holding f o r  90 seconds, and reducing t h e  load  t o  zero i n  t e n  
seconds. Tes t  du ra t i on  and number of cyc les  t o  f a i l u r e  were recorded f o r  
each specimen. 
a. Rolling 
1)  As-Cast Ma te r i a l  
S t r e s s  rup tu re  specimens were sec t ioned  and machined from 
t h e  Unitemp AF 2-1DA and I 5 one inch  (0.025 m) round cornered square  
b a r s ,  which were r o l l e d  d i r e c t l y  from 3-1/8 inch (0.079 m) diameter  i n g o t s  
during Task I. The specimens were hea t  t r e a t e d  by t h e  optimum methods 
previously determined, and s i n g l e  tests were conducted a t  t h e  fol lowing 
condi t ions  : 
S t r e s s  
1300°F (704°C) 100,000 p s i  (690 ~/mm:) 
1400°F (760°C) 90,000 p s i  (620 N/mm2) 
1500°F (816°C) 70,000 p s i  (483 N/mm ) 
1600°F (871' C) 2 55,000 p s i  (380 N/mm2) 
1800°F (982°C) 25,000 p s i  (173 N/mm ) 
1900°F (1038OC) 15,000 p s i  (103 ~/mm2) 
A s i x  inch  (0.15 m) long p i ece  was sec t ioned  £rum a 
1-1/2 inch (0,038 m) diameter  s i n g l e  extruded bar  of each s f  t h e  a l l o y s  
s e l e c t e d  f o r  Task I1 s tudy ,  The b a r s  were r o l l e d  t o  0.60 inch (0.015 m) 
dfanteter, Soaking and rehea t ing  temperatures  were t h e  same as those  
derived from t h e  ex t ru s ion  s t u d i e s ,  These included 2050°F (1121°C) for 
Unitemp AF 2-1DA and 1 5 and 2100°F (114g°C) f o r  t h e  remaining a l l o y s ,  
Reductions were approximately 0.010 t o  0.015 inch  (0.0002 t o  0,0004 m) 
pe r  pas s  and t h e  working temperatures  were maintained above 1850°F 
(101O0C) , 
S t r e s s  r u p t u r e  specimens were sec t ioned  and machined 
from t h e  s i n g l e  extruded r o l l e d  m a t e r i a l  and h e a t  t r e a t e d  by t h e  optimum 
methods. S ingle  tests were conducted a t  t h e  cond i t i ons  summarized i n  t h e  
previous sec t ion .  
Six inch (0.15 m) long segments were sec t ioned  from t h e  
1-112 inch  (0,038 m) diameter  s i n g l e  extruded b a r s  of each a l l o y ,  The 
p i eces  were heated t o  t h e i r  optimum working temperatures  a s  determined 
from t h e  ex t ru s ion  s t u d i e s  and a t tempts  were made t o  fo rge  t h e  b a r s  t o  
0.60 inch (0,015 m) diameter.  The forg ing  was conducted on a hammer 
forg ing  u n i t ,  and t h e  working temperatures  were maintained above 1850°C 
(lOIO°C), S t r e s s  rup tu re  t e s t i n g  was t o  be conducted a t  t h e  same con- 
d i t i o n s  descr ibed  above i f  sound m a t e r i a l  could be  obtained,  
Specimens of double extruded b a r s  r ep re sen t ing  each composition 
were hea t  t r e a t e d  and subjec ted  t o  1500 hours  exposure a t  1400°, 1500°, 
1600°, and 1700°F (760°, 816O, 871°, and 927°C)- 
One s t r e s s  rup tu re  sample was s ec t i oned  and machined from 
each b a r  of t h e  thermally xposed m a t e r i a l ,  A l l  tests were run a t  1400°F/ 5 90,000 p s i  (760°c/620 N / m m  ) . 
c, S t r u c t u r a l  Examinations 
The e f f e c t s  of t h e  thermal  exposures on mic ros t ruc tu re  were 
eva lua ted  through e l e c t r o n  microscopy, I n  a d d i t i o n ,  exposed specimens 
were subjec ted  t o  e l e c t r o l y t i c  e x t r a c t i o n  and microprobe s t u d i e s  t o  
determine v a r i a t i o n s  i n  minor phases and a l s o  t o  d e t e c t  t h e  formation 
of any new phases ,  These procedures were d e t a i l e d  i n  a previous s e c t i o n ,  
Samples f o r  c y c l i c  ox ida t ion  t e s t s  were sec t ioned  from 
double extruded m a t e r i a l  hea t  t r e a t e d  by t h e  optimum methods. The 
samples were machined and f in i shed  t o  a s i z e  of one-half inch (0,013 m) 
diameter by one-half inch (0.013 rn) long using 150 g r i t  s i l i c o n  carb ide  
paper. A platinum wire  was welded t o  each sample. The samples were 
u l t r a s o n i c a l l y  degreased and each sample was suspended i n  a qua r t z  
c ruc ib l e  asgembly by the  platinum w i r e ,  The assembly was designed t o  
c o l l e c t  s p a l l i n g  oxides during t e s t i n g ,  while  a l s o  permi t t ing  a i r  t o  
c i r c u l a t e  around t h e  samples. The c r u c i b l e  assemblies ,  inc luding  t h e  
samples, were weighed p r i o r  t o  i n i t i a t i n g  t e s t i n g .  
Duplicate  samples from each h e a t  were subjec ted  t o  1000 
hour c y c l i c  ox ida t ion  t e s t s  a t  1875O, 1950°, and 2100°F (1024O, 1066O, 
and 1149°C). The assemblies were removed from t h e  furnace a f t e r  100 
hour i n t e r v a l s  and cooled and weighed. The c r u c i b l e s  were covered 
during cool ing t o  i n s u r e  containment of a l l  s p a l l i n g  oxides.  Weight 
changes were recorded and oxida t ion  r a t e s  were ca l cu la t ed  i n  mil l igrams 
pe r  square cent imeter  f o r  each sample. Tes t ing  was discont inued a f t e r  
a t o t a l  of ten  100-hour exposures,  o r  1000 t o t a l  hours ,  
S t r u c t u r a l  Examinations 
Af t e r  t e s t i n g ,  a l l  samples were mounted, po l i shed ,  and 
etched f o r  o p t i c a l  microscopy. Photographs of each sample were taken 
a t  500X. One sample of each a l l o y  t e s t e d  a t  1950°F (1066OC) was sub- 
jec ted  t o  microprobe s t u d i e s  t o  determine t h e  mechanism of oxida t ion  and t o  
i d e n t i f y  poss ib l e  element dep le t ion  near  t he  su r f  ace. Element l i n e  scans 
and specimen cu r ren t  and X-ray photography were among t h e  techniques 
employed i n  eva lua t ing  t h e  samples. 
b ,  Continuous Oxidation Tes t s  
One specimen from each composition was hea t  t r e a t e d ,  machined, 
and f i n i s h e d  t o  a s i z e  of one-half inch (0.013 m) diameter by one inch  
(0.025 m) long using 150 g r i t  s i l i c o n  carbide paper. The sample was 
welded t o  a long platinum wire ,  u l t r a s o n i c a l l y  degreased, and subjec ted  
t o  continuous oxida t ion  t e s t i n g  f o r  100 hours a t  1950°F (1066OC). During 
t e s t i n g ,  t h e  sample was suspended i n  a v e r t i c a l  tube type furnace equipped 
with an e x t e r n a l  balance i n  such a manner t h a t  t h e  sample could be weighed 
a t  des i r ed  i n t e r v a l s  without removing i t  from the  hea t  zone. Approxi- 
mately 25 weighings were made i n  the  100 hour i n t e r v a l ,  although t h e  
major i ty  of t h e  weighings were taken during t h e  f i r s t  s e v e r a l  hours t o  
proper ly  monitor t h e  most rap id  oxida t ion  r a t e s .  
Two specimens from each composition were hea t  t r e a t e d  and 
machined and f i n i s h e d  t o  a s i z e  of one-half inch  (0.013 m) diameter by 
one inch (0.025 m) long using 150 g r i t  s i l i c o n  carb ide  paper. The 
samples were u l t r a s o n i c a l ~ y  degreased, weighed, and subjec ted  t o  s u l f  i- 
d a t i o n  t e s t i n g  a t  1600" and 1 8 0 0 " ~  (871" and 982°C). Each sample was 
placed i n  a c r u c i b l e  conta in ing  a mixture  of 99 percent  sodium s u l f a t e  
and one percent  sodium chlor ide .  The c r u c i b l e s  were heated t o  t h e  d e s i r e d  
temperature and h e l d  f o r  one hour a t  temperature ,  Af t e r  t e s t i n g ,  t he  
samples were then cleaned i n  methanol and weighed, and a s u l f i d a t i o n  
r a t e  was ca l cu l a t ed .  
b. S t r u c t u r a l  Examinations 
The above test  procedure was repeated a t  1800°F (982°C) f o r  
one sample from each composition; however, t h e  samples were no t  descaled.  
The samples were sec t ioned  and one ha l f  was used f o r  o p t i c a l  microscopy 
examination and t h e  o t h e r  was used f o r  microprobe s t u d i e s .  
Samples f o r  thermal  cyc l ing  f a t i g u e  t e s t s  were sec t ioned ,  hea t  
t r e a t e d ,  and ground and pol i shed  t o  s tandard  s i z e  a s  shown i n  Figure 2. 
Three samples of each composition were a t tached  t o  a r o t a t i n g  drum u n i t  
capable of hea t ing  t h e  specimens by gas  flame impingement t o  t h e  de- 
s i r e d  temperature  and cool ing t o  room temperature by a i r  b l a s t ,  The 
cyc le  cons is ted  of slowly hea t ing  t o  a maximum temperature  of 1800°F 
(98Z°C), then cool ing by a i r  b l a s t  t o  room temperature ,  Each cyc le  re- 
qui red  approximately 40 seconds f o r  hea t ing  t o  1800°F (982OC) and an 
equa l  amount of t i m e  f o r  cool ing t o  room temperature.  The c r i t e r i a  f o r  
f a i l u r e  was thermal cracking;  t he re fo re ,  t h e  samples were p e r i o d i c a l l y  
inspec ted  by o p t i c a l  microscopy t o  examine f o r  microscopic cracks.  A t  
t h e  completion of t h e  t e s t i n g ,  t h e  samples were mounted, po l i shed ,  and 
e tched  f o r  o p t i c a l  microscopy, and photographs were taken a t  500X. 
I V .  RESULTS AND DISCUSSION 
A. Task I 
The vacuum induct ion  mel t ing ,  ca s t i ng ,  and vacuum a r c  remel t ing  
proceeded w e l l  f o r  t h e  s i x  compositions. No i r r e g u l a r i t i e s  were ex- 
h i b i t e d  by any of t h e  compositions which r equ i r ed  dev ia t i on  from t h e  
s tandard  melt ing procedures prev ious ly  e s t a b l i s h e d  f o r  a l l o y s  of t h i s  
type. During vacuum induct ion  mel t ing ,  no problems were encountered i n  
d i s so lv ing  h igh  melt ing po in t  elements.  I n  add i t i on ,  pouring was con- 
ducted a t  normal tapping temperatures  and r a t e s .  No i n d i c a t i o n s  of pre- 
mature s o l i d i f i c a t i o n  were exh ib i t ed  by any of t h e  compositions. I n  
c a s t i n g  t h e  vacuum induc t ion  melted m a t e r i a l  i n t o  e l e c t r o d e  molds, a  
normal amount of i n g o t  p ip ing  was de tec ted .  However, by reducing v o l t a g e  
and amperage dur ing  vacuum a r c  remel t ing ,  t h e  f i n a l  i n g o t s  were h o t  
topped, e s s e n t i a l l y  e l imina t ing  p ip ing  i n  t h e s e  i ngo t s .  
The a l l o y  des inna t ions ,  hea t  numbers, and aim and a c t u a l  chemical 
compositions f o r  t h e  50- and 100-pound (22.7 and 45.4 kg) h e a t s  mel ted i n  
Task I a r e  summarized i n  Tables 1 and 2, r e spec t ive ly .  I n  genera l ,  t h e  
va lues  prev ious ly  e s t a b l i s h e d  concerning t h e  recovery of a l l o y i n g  elements  
f o r  s tandard  n i c k e l  base compositions proved t o  be  q u i t e  accu ra t e  f o r  
t h e s e  h igh ly  a l loyed  c m p o s i t i o n s .  Alloy compositions involv ing  hafnium 
were found t o  e x h i b i t  s l i g h t l y  h igher  than normal zirconium l e v e l s  due 
t o  t he  r e s i d u a l  z i r c o a i m  contained i n  t h e  hafnium. A l l  h e a t s  were wi th in  
t h e  normally acceptab le  a n a l y s i s  range. 
The r e s u l t s  of t h e  Gleeble  h o t  workab i l i t y  tests conducted on 
t h e  s i x  a l l o y s  i n  t h e  as -cas t  condi t ion  a r e  summarized i n  Tables  3 t o  8. 
Each t a b l e  i nc ludes  the  inheren t  d u c t i l i t y  p r o f i l e  and t h e  ho t  work 
s imula t ion  p r o f i l e  f o r  each a l l oy .  These d a t a  were p l o t t e d  a s  r educ t ion  
of a r e a  versus  test temperature t o  determine an optimum working temperature  
and t h e  wides t  p o s s i b l e  ho t  working range f o r  each a l l o y ,  The r e s u l t a n t  
curves a r e  shown i n  Figures  3 ,  4, and 5  f o r  t h e  s i x  a l l o y s ,  
The d a t a  showed t h e  i nhe ren t  d u c t i l i t y  of a l l  t h e  a l l o y s  t o  be 
q u i t e  low, w i th  I I b  e x h i b i t i n g  t h e  h ighes t  d u c t i l i t y  of 19.7 pe rcen t  a t  
1 9 0 0 ° ~  (1038°C), Reduction of a r e a  va lues  f o r  t h e  ho t  work s imu la t i on  
p r o f i l e s  were a l s o  very low. Maximum reduc t ion  of a r e a  va lues  f o r  t h e  
remaining a l l o y s  va r i ed  considerably with Unitemp AF 2-1DA reaching i ts  
maximum d u c t i l i t y  of 14.5 percent  a t  1900°F (1038°C); 1 5 ,  7.3 pe rcen t  a t  
1 8 5 0 " ~  (1010°C) ; I I I g  mod, 13,O percent  a t  1850°F (1010 '~)  ; ILd ,  11,7 
percent  a t  1 9 5 0 ° ~  (1066'C) ; and I I I g ,  10.5 percent  a t  2 0 5 0 ' ~  ( 1 1 2 1 " ~ ) .  
Pas t  experience has  shown t h a t  a l l o y s  of t h i s  type gene ra l ly  r e q u i r e  a t  
l e a s t  30 percent  reduct ion  of a r e a  a t  any given temperature be fo re  they 
can be considered to have good workab i l i t y  i n  r o l l i n g  o r  forg ing  opera- 
t ions .  The reduct ion  of a r e a  va lues  f o r  t h e  s i x  a l l o y s  not  only f e l l  
w e l l  below the  30 percent  minimum, b u t  t h e  a l l o y s  a l s o  exh ib i t ed  very 
narrow h o t  working ranges, 
A s e r i e s  of specimens w a s  subjec ted  t o  a homogenization t r e a t -  
ment i n  an attempt t o  improve t h e  d u c t i l i t y  of t h e  a l l o y s  by s o l u t i o n i n g  
regions of primary g a m a  prime i n  t h e  as-cast  s t r u c t u r e ,  The r e s u l t s  
of t hese  tests a r e  included i n  t h e  preceding t a b l e s  and f i g u r e s ,  The 
d a t a  showed no s i g n i f i c a n t  improvement i n  d u c t i l i t y  f o r  any of t h e  a l l o y s  
a f t e r  t he  homogenization t reatment .  
Based upon t h e  d a t a  a v a i l a b l e ,  t h e  determinat ion of optimum 
working temperatures f o r  each a l l o y  was very  d i f f i c u l t ,  For example, 
p a s t  experience has shown t h a t  Unitemp AF 2-IDA r e a d i l y  workable by 
ex t rus ion  f ram a temperature of 2050°F (1121°C) ('y, However, t h e  Unitemp 
AF 2-IDA Gleeble  d a t a  i nd ica t ed  t h e  optimum working temperature f o r  t h e  
a l l o y  was considerably lower, A maximum reduct ion  of a r e a  va lue  of 
14.5 percent  was achieved a t  1900°F (1038OC), whi le  a t  t he  expected 
optimum working temperature of 2050°F (1121°C), t h e  reduct ion  of a r e a  
was only 6.2 percent ,  This  i nd ica t ed  t h a t  t h e  d a t a  f o r  t h e  o t h e r  a l l o y s  
a l s o  might be misleading. 
As  a r e s u l t  of t h i s  problem, optimum working temperatures  f o r  t h e  
a l l o y s  were chosen based on a combination of t h e  Gleeble  d a t a  der ived f o r  
each a l l o y  and t h e  gene ra l ly  accepted p r i n c i p l e s  concerning t h e  h o t  
processing of a l l o y s  of t h i s  type,  I n  gene ra l ,  t h e  minimum temperature 
range which would be r e a l i s t i c  f o r  processing such supe ra l loys  is  ap- 
proximately 1950°F (1066 '~ )  t o  2000°F (1093°C), Therefore,  f o r  t h e  
a l l o y s  which exh ib i t ed  Gleeble  d a t a  favor ing  optimum working temperatures  
w i th in  o r  below t h i s  range, t h e  temperature chosen f o r  subsequent working 
opera t ions  was 2000°F (1093°C). These a l l o y s  included I 5, I I b ,  I I d ,  and 
I I I g  mod. A working temperature of 2050°F (1121°C) was s e l e c t e d  f o r  t h e  
remaining two a l l o y s ,  Unitemp AF 2-IDA and I I I g ,  
The one inch  (0.025 m) diameter bars  f a b r i c a t e d  by s i n g l e  ex- 
t r u s i o n  a t  Wright-Patterson Air Force Base a r e  shown i n  F igures  6 t o  9, 
It should be noted t h a t  i n  t h e  photographs a po r t ion  of t h e  mild s t e e l  
can which i s  approximately 0,06 inch (0,0015 m) t h i c k  s t i l l  surrounds 
each b i l l e t ,  Also, t he  rounded segment a t  one end of each b i l l e t ,  which 
appears t o  be breakage, r ep re sen t s  t he  mild s t e e l  nose s e c t i o n  which w a s  
welded into t h e  o r i g i n a l  can, A somewhat s h o r t e r  segment on t h e  oppos i te  
end of t he  b i l l e t  r ep re sen t s  t h e  mild s t e e l  t a i l  s ec t ion ,  These s e c t i o n s  
appear on a l l  t h e  photographs, and a r e  not  considered breakage i n  t h e  ex- 
t r u s i o n  workabi l i ty  eva lua t ion ,  
The purpose of t h e  ex t ru s ions  was t o  eva lua t e  t h e  f a b r i c -  
a b i l i t y  of t h e  s i x  a l l oys .  Based upon t h e  Gleeble  h o t  d u c t i l i t y  d a t a  
and t h e  gene ra l l y  accepted p r i n c i p l e s  f o r  p rocess ing  a l l o y s  of t h i s  type,  
a  temperature of 2 0 0 0 " ~  (1093°C) was s e l e c t e d  a s  t h e  ex t ru s ion  temperature  
f o r  a l l o y s  I 5 ,  I I b ,  I I I g  mod, and I I d ;  2050°F (1121°C) was s e l e c t e d  a s  
t h e  ex t ru s ion  temperature  f o r  Unitemp AF 2-IDA and I I I g .  The e x t r u s i o n s  
were conducted i n  f o u r  series. The S e r i e s  I and 11 e x t r u s i o n s  involved 
a l l  s i x  of t h e  a l l o y s  and t h e  S e r i e s  111 and I V  ex t ru s ions  were con- 
ducted only on a l l o y s  I I b ,  I I I g  mod, I I d  and I I I g  t o  f u r t h e r  i n v e s t i g a t e  
t he  workab i l i t y  p o t e n t i a l  of t h e s e  a l l o y s  a t  h igher  ex t ru s ion  temperatures ,  
The one inch (0,025 m) b i l l e t s  r e s u l t i n g  from t h e  S e r i e s  I e x t r u s i o n s  a r e  
shown i n  F igure  6 ,  The Unitemp AF 2-IDA and I 5 b i l l e t s ,  which were ex- 
t ruded from temperatures  of 2050°F ( 1 1 2 1 " ~ )  and 2000°F (1093°C) re- 
spec t ive ly ,  extruded w e l l .  The I I I g  b i l l e t  w a s  extruded from 2050°F 
(1093°C) and experienced q u i t e  s eve re  breakage, a s  d i d  t h e  I I d ,  I I b ,  and 
l I I g  mod b i l l e t s .  
The poor workab i l i t y  exh ib i t ed  by I I d ,  I I b ,  and I I I g  mod 
during t h e  S e r i e s  I ex t ru s ions  was be l ieved  t o  be due t o  t h e  r e l a t i v e l y  
low ex t rus ion  temperature  of 2000°F (1093OC) which was chosen f o r  t h e s e  
a l l oys .  Therefore ,  f o r  t h e  S e r i e s  I1 ex t rus ions ,  t h e  ex t ru s ion  tempera- 
t u r e  f o r  t h e s e  a l l o y s  was increased  t o  2050°F (1121°C). The b a r s  re- 
s u l t i n g  from t h e  S e r i e s  I1 ex t rus ions  a r e  shown i n  Figure 7. The 
condi t ion  of t h e  I I d ,  I I b ,  and I I I g  mod b i l l e t s  was considerably improved 
a s  compared wi th  t he  i n i t i a l  ex t ru s ions ;  however, t he  condi t ion  of t h e  
b i l l e t s  was only f a i r ,  a s  some breakage occurred. The I I I g  and I 5 b i l l e t s  
a l s o  experienced s l i g h t  breakage i n  t h i s  series, wh i l e  t h e  Unitemp 
AF 2-IDA b i l l e t  aga in  extruded s a t i s f a c t o r i l y .  
I n  an at tempt  t o  f u r t h e r  improve t h e  workab i l i t y  exh ib i t ed  by 
I I I g ,  I I d ,  I I b ,  and I I I g  mod, a d d i t i o n a l  ex t ru s ion  s t u d i e s  were conducted 
f o r  t he se  a l l oys .  Ma te r i a l  which was o r i g i n a l l y  scheduled f o r  as-cast  
r o l l i n g  and fo rg ing  s t u d i e s  was d ive r t ed  t o  t he se  ex t ru s ion  s t u d i e s  due 
t o  t h e  importance of developing an optimum ex t rus ion  temperature  f o r  each 
of t h e  a l l o y s ,  S e r i e s  I11 and S e r i e s  I V  ex t ru s ions  were conducted on t h e  
fou r  above mentioned a l l o y s  from ex t rus ion  temperatures  of 2100 ( 1 1 4 9 " ~ )  
and 2150°F (1177OC), r e spec t ive ly .  The b a r s  r e s u l t i n g  from these  ex- 
t r u s i o n s  a r e  shown i n  F igures  8 and 9. Due t o  t h e  l i m i t e d  amount of 
m a t e r i a l  a v a i l a b l e  f o r  t h e s e  s t u d i e s ,  t h e  i n g o t s  were s h o r t e r  than f o r  
the S e r i e s  I and 11 ex t rus ions ,  Therefore ,  t h e  mild steel nose s e c t i o n  
was made considerably l a r g e r  t o  make up f o r  t h e  d i f f e r e n c e  i n  length .  
The extruded mild steel  nose s e c t i o n s  appear a t  the  r i g h t  s i d e  of t h e s e  
photographs, The only b i l l e t  which experienced any breakage o u t s i d e  of 
t h e  nose and t a i l  s e c t i o n s  was the  I I d  b i l l e t  extruded from 2100°F (114g°C). 
The remainder of t h e  b i l l e t s  extruded s a t i s f a c t o r i l y  a t  both temperatures ,  
Double Extrusions 
The b a r s  r e s u l t i n g  from t h e  double ex t ru s ions  a r e  shown i n  
Figures  10 t o  14, The t h i n  mild s t e e l  can s t i l l  remains on t h e  b i l l e t s  
a f t e r  e x t r u s i o n ;  t h e  aceuab m a t e r i a l  i s  n o t  v i s i b l e  i n  t h e  photographs .  
The f i r s t  p a r t  of t h e  double  e x t r u s i o n  c o n s i s t e d  of a r e d u c t i o n  from t h e  
o r i g i n a l  5-1/22 i n c h  (0.140 m) i n g o t  d iamete r  t o  a  b i l l e t  s i z e  of ap- 
p rox imate ly  t h r e e  i n c h e s  (0.076 m) i n  d iamete r .  The i n g o t s  were canned 
and ex t ruded  a s  two i n g o t s  p e r  can,  and were p a i r e d  accord ing  t o  t h e i r  
o r i g i n a l l y  s e l e c t e d  e x t r u s i o n  t empera tu res .  The Unitemp AF 2-IDA and 
I I I g  i n g o t s  were p a i r e d  i n  Can No, 1 and were  ex t ruded  from a  t empera tu re  
of 2050°F (1121°C), The i n g o t s  r e p r e s e n t i n g  t h e  I 5 and I I b  composi t ions  
were p l a c e d  i n  Can No, 2,  and t h e  I I I g  mod and I I d  i n g o t s  were grouped 
i n  Can No, 3. Both Can No. 2  and Can No. 3  were ex t ruded  from a  tempera- 
t u r e  of 2000°F (1093°C). The b a r s  r e s u l t i n g  from t h e s e  e x t r u s i o n s  are 
shown i n  F igure  10A, A s  was t h e  c a s e  f o r  t h e  p r e v i o u s l y  d e s c r i b e d  s i n g l e  
e x t r u s i o n s ,  on ly  Unitemp AF 2-1DA and I 5  ex t ruded  s a t i s f a c t o r i l y .  The 
remaining a l l o y s  exper ienced  s e v e r e  breakage.  
because  o n l y  Unitemp AF 2-IDA and I 5 ex t ruded  w e l l  enough t o  
p r o v i d e  s u f f i c i e n t  m a t e r i a l  f o r  t h e  second p a r t  of t h e  double  e x t r u s i o n  and 
subsequent  Task I1 s t u d i e s ,  a  d e c i s i o n  was made t o  re-extrude a l l o y s  I I b  
and I I I g  mod us ing  a  h i g h e r  e x t r u s i o n  t empera tu re .  T h i s  d e c i s i o n  was made 
based  upon t h e  improved c o n d i t i o n  of t h e  I I b  and I I I g  mod s i n g l e  e x t r u -  
s i o n s  ( d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n )  when t h e  e x t r u s i o n  t e m p e r a t u r e  
was i n c r e a s e d  from 2000°F (1093OC) t o  2100°F (1149°C). The a l l o y s  were  
remel ted ,  canned t o g e t h e r  and ex t ruded  t o  t h r e e  i n c h  (0.076 m) d iamete r  
b i l l e t  from an e x t r u s i o n  t empera tu re  of 2100°F (1149°C). The b a r s  re- 
s u l t i n g  from t h i s  e x t r u s i o n  are shown i n  F i g u r e  10B. Both a l l o y s  e x t r u d e d  
s a t i s f a c t o r i l y  and p rov ided  s u f f i c i e n t  m a t e r i a l  t o  con t inue  w i t h  t h e  second 
phase  of t h e  double  e x t r u s i o n ,  
The second phase  of t h e  double  e x t r u s i o n s  invo lved  s e c t i o n i n g  
and decanning of t h e  t h r e e  i n c h  (0,076 m) d iamete r  Unitemp AF 2-IDA, I 5, 
I I b ,  and I I I g  mod ex t ruded  b i l l e t s .  The b i l l e t s  were then  l a t h e  tu rned  
t o  2-1/2 i n c h  (0,063 m) d iamete r ,  recanned, and ex t ruded  t o  one inch  
(0.025 m) d iamete r  b a r s  from t h e  optimum e x t r u s i o n  t empera tu re  f o r  each 
a l l o y ,  The Unitemp AF 2-1DA and I 5 b i l l e t s  were  ex t ruded  from a  
t empera tu re  of 2050°F (1121°C), and t h e  I I b  and I I I g  mod b i l l e t s  from 
2100°F (1149°C). The b a r s  r e s u l t i n g  from t h e s e  e x t r u s i o n s  are shown i n  
F i g u r e s  11, 12, 13,  and 14,  r e s p e c t i v e l y .  S i x  one i n c h  (0.025 m) d i a m e t e r  
b i l l e t s  approximately  t h r e e  f e e t  (0.9 m) long  were ob ta ined  from t h e  I 5 
and I I b  double e x t r u s i o n s ,  and seven b i l l e t s  were o b t a i n e d  from t h e  Unitemp 
AF 2-1DA and I I I g  mod double e x t r u s i o n s ,  The c o n d i t i o n  of a l l  b i l l e t s  was 
v e r y  good. 
Due t o  t h e  a d d i t i o n a l  m a t e r i a l  r e q u i r e d  f o r  t h e  I I b ,  I I d ,  
I I I g ,  and I I I g  mod s i n g l e  e x t r u s i o n  s t u d i e s ,  r o l l i n g  and f o r g i n g  s t u d i e s  
on a s - c a s t  m a t e r i a l  were on ly  conducted f o r  Unitemp AF 2-1DA and I 5. 
Both t h e  Unitemp AF 2-1DA and T 5 i n g o t s  were r o l l e d  t o  one inch  (0.025 m) 
round cornered s q u a r e  b a r s  w i t h  moderate s u c c e s s ,  The r e s u l t i n g  b a r s  
from t h e  r o l l i n g  o p e r a t i o n  a r e  shown i n  F i g u r e  15. The Unitemp I\F 2-lI)A 
ba r  experienced somewhat more severe  edge cracking,  although t h e  depth of 
t h e  cracks was not  s i g n i f i c a n t ,  The seve re  crack ac ros s  one s e c t i o n  of 
the  I 5 b a r  is be l ieved  t o  have been caused by a  sh r ink  c a v i t y  from t h e  
mel t ing  opera t ion  r a t h e r  than a s  a  r e s u l t  of t he  r o l l i n g  operat ion.  The 
m a t e r i a l  used f o r  t h i s  s tudy was from t h e  t op  h a l f  of a  25-pound (11.4 kg) 
i n g o t ,  which might have some degree of shr inkage.  The remainder of t h e  
I 5 b a r  r o l l e d  q u i t e  s a t i s f a c t o r i l y .  
Forging of as-cast  Unitemp AF 2-1DA and I 5 was unsuccessful .  
Af t e r  reducing t h e  i n g o t s  from t h e i r  o r i g i n a l  3-1/8 i nch  (0,079 m) 
d iameter  t o  n e a r  2-1/2 inches  (0.063 m), t he  i ngo t s  f a i l e d  due t o  s eve re  
c e n t e r  bu r s t s .  
The r e s u l t s  of t he  Gleeble  inheren t  d u c t i l i t y  tests conducted 
on extruded m a t e r i a l  represen t ing  each of t h e  s i x  a l l o y s  a r e  shown i n  
Tables  9 t o  14. Data on both s i n g l e  and double extruded m a t e r i a l  are 
presen ted  f o r  Unitemp AF 2-IDA, I 5 ,  I I b ,  and I I I g  mod; and, a s  t h e  double 
ex t ru s ion  of I I d  and I I I g  was not  accomplished, only d a t a  on s i n g l e  ex- 
t ruded  m a t e r i a l  a r e  repor ted  f o r  t he se  a l l o y s ,  These d a t a  a r e  a l s o  il- 
l u s t r a t e d  i n  F igures  16, 17,  and 18. 
The information ind i ca t ed  t h a t  s e v e r a l  of t h e  a l l o y s  exh ib i t ed  
very low d u c t i l i t i e s  w i t h i n  t h e i r  h o t  working ranges i n  t h e  s i n g l e  and 
double extruded condi t ions ,  The a l l o y s  included s i n g l e  and double ex- 
t ruded I I b  and I I I g  mod and s i n g l e  extruded Unitemp AF 2-lDA, I I d  and 
I I I g .  Although a l l o y s  I I d  and I I I g  were not  eva lua ted  i n  t h e  double 
extruded condi t ion ,  i t  is q u i t e  probable  t h a t  t h e  d u c t i l i t i e s  would a l s o  
be low, a s  was the  case  f o r  I I b  and I I I g  mod. Unitemp AF 2-IDA i n  t he  
double extruded condi t ion  and I 5 i n  both t h e  s i n g l e  and double extruded 
condi t ions  exh ib i t ed  good d u c t i l i t i e s  over a  r a t h e r  wide range of tempera- 
t u r e s .  The b e s t  h o t  working c h a r a c t e r i s t i c s  were exh ib i t ed  by I 5 i n  
t h e  double extruded condi t ion.  This  m a t e r i a l  displayed d u c t i l i t i e s  be- 
tween f i f t y  and s i x t y  percent  over t h e  range from 1900 (1038OC) t o  
2150°F (1177OC). Reduction of a r e a  va lues  near  seventy percent  were ex- 
h i b i t e d  by I 5 i n  t h e  s i n g l e  extruded condi t ion.  IIowever, t h e  va lues  
were not  c o n s i s t e n t l y  high over a  range a s  wide a s  t h e  one exh ib i t ed  by 
the  double extruded ma te r i a l .  
5, S t r u c t u r a l  Examinations 
The r e s u l t s  of t h e  s t r u c t u r a l  eva lua t ions  conducted on each of t h e  
s i x  a l l o y s  i n  t h e  as-cast  condi t ion ,  quenched from t h e  optimum working 
temperature  and i n  t h e  as-extruded condi t ion  a r e  presented below. The 
s t r u c t u r a l  examination of t h e  s i x  a l l o y s  i n  each of t h e  t h r ee  condi t ions  
included o p t i c a l  microscopy, X-ray phase i d e n t i f i c a t i o n  and e l e c t r o n  beam 
microprobe s t u d i e s ,  The r e s u l t s  of t h e  examinatiions a r e  summarized i n  
Table 15 and Figures  19, 20 ,  and 21. 
a. As-Cast M a t e r i a l  
Minor phases  p r e s e n t  i n  t h e  e x t r a c t e d  r e s i d u e s  from each of 
t h e  as -cas t  a l l o y s  were i d e n t i f i e d  by X-ray d i f f r a c t i o n .  The r e s u l t s  
are shown i n  Tab le  15. Due t o  t h e  heavy c o n c e n t r a t i o n s  of gamma prime 
p r e s e n t  i n  t h e  c a s t  s t r u c t u r e s  of each of t h e  a l l o y s ,  t h e  X-ray d a t a  
i n d i c a t e  t h e  p resence  of some gamma prime, even though t h e  t e n  p e r c e n t  
h y d r o c h l o r i c  a c i d  i n  methanol  s o l u t i o n  was des igned t o  d i s s o l v e  t h e  
phase dur ing  t h e  e x t r a c t i o n .  The on ly  o t h e r  major  phase  i d e n t i f i e d  was 
t h e  MC-type c a r b i d e ,  which was p r e s e n t  i n  heavy c o n c e n t r a t i o n s  i n  each 
of t h e  a l l o y s .  
Three  r e p r e s e n t a t i v e  photomicrographs from t h e  m e t a l l o g r a p h i c  
examinat ion of a s - c a s t  m a t e r i a l  are shown i n  F i g u r e  19. The a l l o y s  
p i c t u r e d  i n c l u d e  I 5, Unitemp AF 2-IDA, and I I d .  These m i c r o s t r u c t u r e s  
r e p r e s e n t  t h e  t h r e e  b a s i c  s t r u c t u r a l  v a r i a t i o n s  e x h i b i t e d  by t h e  s i x  
a l l o y s ,  The a s - c a s t  m i c r o s t r u c t u r e s  f o r  I 5 and I I I g  mod were v e r y  
s i m i l a r .  A s  shown i n  F i g u r e  19 f o r  I 5,  t h e  main c h a r a c t e r i s t i c s  of t h e  
s t r u c t u r e  inc luded  an  abundance of s c r i p t  MC-type c a r b i d e s  i n  a c o a r s e  
gamma prime m a t r i x ,  Photomicrographs t a k e n  a t  200X and 500X were in-  
c luded t o  i l l u s t r a t e  b o t h  t h e  o v e r a l l  s t r u c t u r e  and t h e  t e x t u r e  of t h e  
gamma prime, The c a r b i d e s  were wide ly  d i s p e r s e d  and were l o c a t e d  at 
t h e  d e n d r i t i c  g r a i n  boundar ies  and w i t h i n  t h e  i n d i v i d u a l  g r a i n s .  
The as -cas t  s t r u c t u r e  of Unitemp AF 2-IDA was somewhat d i f -  
f e r e n t  t h a n  t h e  s t r u c t u r e  e x h i b i t e d  by any of t h e  o t h e r  a l l o y s .  A v e r y  
c o a r s e  gamma prime phase  was e v i d e n t  i n  t h e  m i c r o s t r u c t u r e  i n  combination 
w i t h  r a t h e r  l a r g e  blocky MC-type c a r b i d e s ,  The number and s i z e  of t h e  
c a r b i d e s  i n  t h e  Unitemp AF 2-1l)A m i c r o s t r u c t u r e  were  much l a r g e r  t h a n  
f o r  any of t h e  o t h e r  a l l o y s .  
The b a s i c  a s - c a s t  m i c r o s t r u c t u r e s  of I I d ,  I I b ,  and I I I g  were  
similar. Each c o n s i s t e d  of b o t h  blocky and s c r i p t  MC-type c a r b i d e s  i n  
a c o a r s e  gamma prime mat r ix .  The unique c h a r a c t e r i s t i c  of t h e s e  micro- 
s t r u c t u r e s  was an abundance of massive ,  primary gamma prime p a r t i c l e s .  
Although t h e  pr imary gamma prime was e v i d e n t  t o  a  l i m i t e d  degree  i n  t h e  
Unitemp AF 2-1DA m i c r o s t r u c t u r e ,  t h e  p a r t i c l e s  e x h i b i t e d  i n  t h e s e  micro- 
s t r u c t u r e s  were found i n  much g r e a t e r  abundance and were of a  l a r g e r  s i z e .  
The r e s u l t s  of t h e  e l e c t r o n  beam microprobe s t u d i e s  conducted 
on as -cas t  m a t e r i a l  i n d i c a t e d  t h a t  no s i g n i f i c a n t  p a t t e r n  of s e g r e g a t i o n  
was e v i d e n t  f o r  any of t h e  a l l o y s .  E l e c t r o n  beam microprobe p o i n t  count 
and X-ray photography methods were used i n  t h i s  e v a l u a t i o n .  The samples 
were examined n e a r  d e n d r i t i c  g r a i n  boundar ies  and a c r o s s  i n d i v i d u a l  g r a i n s  
t o  d e t e c t  p o s s i b l e  f l u c t u a t i o n s  i n  element c o n c e n t r a t i o n s  which would 
i n d i c a t e  mic ro  and macro s e g r e g a t i o n ,  The on ly  s i g n i f i c a n t  v a r i a t i o n s  i n  
element c o n c e n t r a t i o n  were caused by t h e  beam t r a v e r s i n g  s m a l l  c a r b i d e  
p a r t i c l e s  and pr imary gamma prime p a r t i c l e s .  
The r e s u l t s  of t h e  X-ray d i f f r a c t i o n  s t u d i e s  of samples 
quenched from t h e i r  working temperatures  a r e  shown i n  Table 15, It  
should be  noted t h a t  t h e  working temperatures  used i n  t h i s  eva lua t ion  
were t h e  ones o r i g i n a l l y  chosen, and do not  t ake  i n t o  account t h e  t e m -  
p e r a t u r e  i nc reases  which were l a t e r  found necessary ,  The r e s u l t s  of t he  
X-ray d i f f r a c t i o n  d a t a  i n d i c a t e  small concent ra t ions  of gamma prime i n  
t he  e x t r a c t e d  r e s idues  f o r  each of t h e  a l l o y s ,  Also, a s  was t h e  case  
f o r  t h e  as -cas t  samples, a  heavy concent ra t ion  of PIC-type ca rb ides  was 
de tec ted  f o r  each of t h e  a l l o y s .  The r e l a t i v e l y  low working temperatures  
eva lua ted  caused no s i g n i f i c a n t  changes i n  t h e  minor phases p re sen t  a f t e r  
hea t ing  and quenching m a t e r i a l  i n  t h e  as-cast  condi t ion.  However, i t  is 
be l ieved  t h a t  i f  t h e  rev ised  2050°F (1121°C) and 2100°F (114g°C) working 
temperatures  had been used, t h e  q u a n t i t y  of t h e  MC-type carb ides  and 
gamma prime would have been s l i g h t l y  reduced due t o  so lu t ion ing .  
The m i c r o s t r u c t u r a l  examination ind i ca t ed  very l i t t l e  v a r i a -  
t i o n  i n  t h e  quenched s t r u c t u r e s  a s  compared wi th  t h e  as-cast  s t r u c t u r e s .  
The d e n d r i t i c  p a t t e r n s  were undis turbed by t h e  hea t ing  and quenching 
opera t ions ,  probably due t o  t h e  low working temperatures ,  The photo- 
micrographs i n  Figure 20 f o r  I I I g  and Unitemp Al? 2-1DA i l l u s t r a t e  t h e  
s i m i l a r i t y  t o  t h e  as-cast  s t r u c t u r e s .  The massive primary gamma prime 
p a r t i c l e s  p re sen t  i n  t h e  as-cast  I I I g  mic ros t ruc tu re  were not  so lu t ioned  
during t h e  t rea tment ,  and a r e  ev ident  i n  t h e  photographs,  
E lec t ron  microprobe techniques were aga in  employed on 
quenched samples t o  d e t e c t  p o s s i b l e  a r e a s  of segrega t ion .  No s i g n i f i -  
cant  v a r i a t i o n s  i n  element concent ra t ions  were discovered i n  any of t he  
samples, 
c. Extruded M a t e r i a l  
Samples f o r  t h e  s t r u c t u r a l  examination of extruded m a t e r i a l  
were sec t ioned  nea r  t h e  a r e a  of t h e  f a i l u r e  f o r  a l l o y s  which e x h i b i t e d  
poor workab i l i t y .  Samples were sec t ioned  from both t h e  t h r e e  inch (0,076 m) 
diameter and t h e  one inch (0,025 m) diameter s i n g l e  extruded b i l l e t s .  
This  procedure was followed t o  determine p o s s i b l e  s t r u c t u r a l  causes  f o r  
t h e  poor workab i l i t y ,  The r e s u l t s  of t h e  X-ray d i f f r a c t i o n  s t u d i e s  of 
extruded m a t e r i a l  a r e  summarized i n  Table 15. These r e s u l t s  were s i m i l a r  
t o  t h e  X-ray r e s u l t s  p rev ious ly  obtained f o r  as-cast  m a t e r i a l  and m a t e r i a l  
quenched from optimum worlcing temperature ,  The major phase i d e n t i f i e d  was 
an MC-type carb ide ,  and some q u a n t i t y  of ganlma prime was a l s o  de t ec t ed  f o r  
each of t h e  a l l o y s .  
The r e s u l t s  of t h e  meta l lographic  examination of one (0.025 m) 
and t h r e e  inch (0.076 m) diameter s i n g l e  extruded b i l l e t s  a r e  shown i n  
Figure 21, The b a s i c  s t r u c t u r a l  v a r i a t i o n  between t h e  two s i z e s  of ex- 
t r u s i o n s  was t h a t  t h e  as-cast  s t r u c t u r e  was completely broken up and re- 
c r y s t a l l i z a t i o n  had occurred a f t e r  t h e  ex t ru s ion  from 5-112 inch (0.140 m)  
diameter  i n g o t s  t o  t h r ee  inch (0,076 m) diameter b i l l e t s .  On t h e  o t h e r  
hand, t h e  ex t ru s ions  from 2-l/2 inch (0.063 m) diameter  i n g o t s  t o  one 
inch (0,025 m) diameter  b i l l e t s  l e f t  some evidence of t h e  c a s t  s t r u c t u r e ,  
A s  i l l u s t r a t e d  i n  Figure 21 f o r  I 5 and I I I g ,  no d e n d r i t i c  p a t t e r n s  were 
ev ident  a f t e r  t h e  ex t ru s ions  t o  t h r e e  inch  (0,076 m) diameter  b i l l e t s ,  
However, a f t e r  t h e  ex t ru s ion  t o  one inch  (0,025 m) rliameter b i l l e t s ,  f i v e  
of t h e  a l l o y s  s t i l l  displayed t h e  c a s t  s t r u c t u r e .  A s  shown i n  t h e  photo- 
graphs,  Unitemp AF 2-1DA was t h e  only a l l o y  which did n o t  e x h i b i t  a  den- 
d r i t i c  s t r u c t u r e  a f t e r  t h e  s i n g l e  ex t ru s ion  t o  one inch (0.025 m) diameter.  
The r e s u l t s  of t h e  e l e c t r o n  beam microprobe s t u d i e s  conducted 
on t h e  extruded b i l l e t s  i n  t h e  a r e a s  of f a i l u r e  d id  n o t  d e t e c t  any s t r u c -  
t u r a l  v a r i a t i o n s  as a  reason f o r  t h e  breakage, No evidence of s eg rega t ion ,  
carb ide  c l u s t e r i n g ,  o r  v a r i a t i o n s  i n  element concen t r a t i on ,  was de t ec t ed  
near  o r  along t h e  cracked b i l l e t s .  Therefore ,  i t  was concluded t h a t  t h e  
reason f o r  t h e  f a i l u r e s  was due t o  low working temperatures ,  r a t h e r  than 
s t r u c t u r a l  e f f e c t s  o r  i nhe ren t  poor workab i l i t y ,  
13, Task I1 
The f o u r  a l l o y s  chosen f o r  Task I1 s t u d i e s  inc luded  Unitemp AF 2-IDA, 
I 5 ,  I I b ,  and I I I g  mod. These a l l o y s  were chosen based upon t h e i r  work- 
a b i l i t y  a s  e x h i b i t e d  i n  t h e  Task I s t u d i e s .  Alloys I I d  and I I I g  were 
not included i n  t h e  Task I1 eva lua t ions .  
1. Heat Treatment Evaluat ion 
The r e s u l t s  of t h e  hea t  t rea tment  eva lua t ion  of Task I1 double 
extruded a l l o y s  a r e  summarized i n  Table  16 and F igures  22 t o  27. Optimum 
s o l u t i o n  t reatment  and in t e rmed ia t e  and f i n a l  aging temperatures  were de- 
termined f o r  each of t h e  f o u r  a l l o y s .  These temperatures  were chosen 
based upon t h e  r e s u l t s  of an in-depth s t r u c t u r a l  examination of specimens 
sub jec t ed  t o  a  v a r i e t y  of t rea tments .  Op t i ca l  and e l e c t r o n  microscopy, 
X-ray d i f f r a c t i o n  s t u d i e s  and e l e c t r o n  beam microprobe techniques were 
employed i n  t h e  s t r u c t u r a l  examinations t o  a r r i v e  a t  t h e  optimum tempera- 
t u r e s .  
1 )  Solu t ion  Treatments 
Optimum s o l u t i o n  t reatment  temperatures  were chosen f o r  
t he  a l l o y s  based upon t h e  degree of carb ide  and gamma prime s o l u t i o n i n g  
and on g r a i n  s i z e .  A g r a i n  s i z e  of ASTM 4 t o  5  was chosen a s  t he  aim f o r  
each of t h e  a l l o y s ,  based upon p a s t  experience wi th  a l l o y s  of t h i s  type. 
This  g r a i n  s i z e  does not  f avo r  e i t h e r  t e n s i l e  o r  rup tu re  p r o p e r t i e s ,  and 
was chosen because it usua l ly  provides  a  f a i r  r ep re sen t a t i on  of t h e  over- 
a l l  p r o p e r t i e s  of each a l l o y ,  Due t o  t h e  importance of developing the  
same t a r g e t  g r a i n  s i z e ,  one-half inch (0.013 m) square  cubes were 
sec t ioned  and hea t  t r e a t e d  a t  var ious  time and temperature  condi t ions  
w i t h i n  t h e  g e n e r a l  range sugges ted  from t h e  g r a d i e n t  b a r  s t u d i e s ,  An 
e x m p l e  of t h e  e f f e c t  of v a r i o u s  s o l u t i o n  t r e a t m e n t s  on ASP1 g r a i n  s i z e  
is shown i n  F i g u r e  22 f o r  Uniteme, AF 2-IDA, I n  t h i s  c a s e ,  changing lche 
s o l u t i o n  t r e a t m e n t  c o n d i t i o n s  from 2175°F (1191°C) f o r  f o u r  hours  t o  
2250°F (1231°C) f o r  two hours  r e s u l t e d  i n  an i n c r e a s e  i n  t h e  g r a i n  s i z e  
from ASTM 6 t o  7 t o  ASTM 3 t o  4, For Unitemp AF 2-lDA, t h e  optimum 
s o l u t i o n  t r e a t m e n t  was found t o  be  two hours  a t  2200°F (1204°C); f o r  I 5 ,  
one hour  a t  2225°F (1218°C); and f o r  I I b  and I I I g  mod, two hours  a t  2225°F 
(1218" C) . 
In each of t h e s e  a l l o y s ,  t h e  g r a i n s  formed dur ing  t h e  
s o l u t i o n  t r e a t m e n t  were n o t  uniform i n  s i z e .  An average  g r a i n  s i z e  of 
ASTM 4 t o  5 was ach ieved ,  b u t  randomly d i s t r i b u t e d  g r a i n s  ranged from 
ASTM 2 t o  ASnI 7. 
Optimum i n t e r m e d i a t e  aging t empera tu res  f o r  each a l l o y  
were chosen based upon t h e  degree  of g r a i n  boundary c a r b i d e  p r e c i p i t a t i o n  
and gamma prime n u c l e a t i o n .  The g r a d i e n t  b a r  samples were s o l u t i o n  t r e a t e d  
by t h e  optimum method determined from t h e  p r e v i o u s  e v a l u a t i o n .  A f t e r  
s u b j e c t i n g  t h e  b a r s  t o  t h e  g r a d i e n t  ag ing  t r e a t m e n t s ,  they  were s e c t i o n e d  
t o  r e p r e s e n t  e v e r y  100°F (55°C) v a r i a t i o n  i n  t empera tu re  and mounted, 
p o l i s h e d ,  and e t c h e d  f o r  s t r u c t u r a l  examination.  They were examined by 
o p t i c a l  microscopy a t  m a g n i f i c a t i o n s  rang ing  from 500X t o  l O O O X  a s  r e q u i r e d ,  
S a t i s f a c t o r y  i n t e r m e d i a t e  ag ing  t empera tu res  were developed 
from t h e  g r a d i e n t  b a r s  f o r  Unitemp AF 2-lDA, and I I b ;  however, f o r  I 5 and 
I I I g  mod, some d i f f i c u l t i e s  were encountered.  The major  problem was t h e  
i n a b i l i t y  t o  a c h i e v e  p r o p e r  g r a i n  boundary c a r b i d e  p r e c i p i t a t i o n  w i t h  con- 
v e n t i o n a l  i n t e r m e d i a t e  aging t rea tments .  These problems were s o l v e d  by 
employing l o n g e r  aging times (up t o  16 hours )  a t  r e l a t i v e l y  h i g h  tempera- 
t u r e s ,  bu t  t h e s e  t r e a t m e n t s  caused t h e  gamma prime p a r t i c l e s '  t o  become 
coarsened,  o r  overaged. There fore ,  f o r  I 5 and I I I g  mod, a d e c i s i o n  w a s  
made t o  a c h i e v e  t h e  most a c c e p t a b l e  degree  of g r a i n  boundary c a r b i d e  d i s -  
t r i b u t i o n  w i t h o u t  caus ing  an overaging of t h e  gamma prime p a r t i c l e s .  
A 1 9 5 0 " ~  (1066°C) age f o r  two hours  developed a satis- 
f a c t o r y  s t r u c t u r e  f o r  Unitemp AF 2-IDA, and a t rea tment  a t  1900°F (1038°C) 
f o r  two 130urs was a c c e p t a b l e  f o r  I I b .  However, n e i t h e r  of t h e s e  t r e a t m e n t s  
were s a t i s f a c t o r y  f o r  I 5. The micrographs  i n  F i g u r e  23 i l l u s t r a t e  t h e  
problem i n  developing t h e  d e s i r e d  s t r u c t u r e  i n  I 5 ,  A f t e r  aging I 5 a t  
1950°F (1066°C) f o r  two hours ,  v e r y  l i t t l e  gamma prime n u c l e a t i o n  and 
c a r b i d e  p r e c i p i t a t i o n  r e s u l t e d .  A t r ea tment  a t  2000°F (1093°C) f o r  16 
hours  r e s u l t e d  i n  r e l a t i v e l y  good c a r b i d e  p r e c i p i t a t i o n ;  however, t h e  
gamma prime p a r t i c l e s  became coarsened. The procedure  f i n a l l y  chosen was 
an  aging t r e a t m e n t  a t  1950°F (1066°C) f o r  16 hours ,  T h i s  t r e a t m e n t  re- 
s u l t e d  i n  some degree  of c a r b i d e  p r e c i p i t a t i o n  and d i d  n o t  d e t r i m e n t a l l y  
a f f e c t  t h e  morphology of t h e  gamma prime p a r t i c l e s ,  
T h i s  t r e a t m e n t  a t  1 9 5 0 ° ~  (1066OC) f o r  1 6  hours  qrovcd t o  
be  t o o  s e v e r e  f o r  I I I g  mod as overaging of t h e  gamma pr ime p a r t i c l e s  was 
exper ienced,  Extreme d i f f i c u l t y  was encountered i n  o b t a i n i n g  any degree  
of g r a i n  boundary c a r b i d e  p r e c i p i t a t i o n  f o r  IIIg mod by ag ing  a t  any 
temperature .  Even t h e  h i g h  t empera tu re  16 hour  t r e a t m e n t s  f a i l e d  t o  e f f e c t  
a s a t i s f a c t o r y  degree  of p r e c i p i t a t i o n .  T h e r e f o r e ,  a t r e a t m e n t  a t  1950°F 
(1066°C) f o r  two hours  was s e l e c t e d  f o r  t h i s  a l l o y  t o  produce an a c c e p t a b l e  
gamma prime morphology, even though t h e  d e g r e e  o f  c a r b i d e  p r e c i p i t a t i o n  w a s  
n o t  optimum. 
F i n a l  ag ing  t empera tu res  f o r  each  a l l o v  were chosen based  
upon c a r b i d e  and gamma prime p r e c i p i t a t i o n .  Grad ien t  b a r  samples were 
s o l u t i o n  t r e a t e d  and i n t e r m e d i a t e  aged accord ing  t o  t h e  t r e a t m e n t s  pre-  
v i o u s l y  de r ived .  A f t e r  g r a d i e n t  f i n a l  ag ing ,  t h e  b a r s  were  s e c t i o n e d  t o  
r e p r e s e n t  every  100°F (55O C )  increment ,  mounted, and p repared  f o r  e l e c t r o n  
microscopy s t u d i e s ,  For each of t h e  a l l o y s ,  a f i n a l  aging t r e a t m e n t  a t  
1 4 0 0 " ~  (760°C) f o r  16 hours  was cons idered  optimum. T h i s  t empera tu re  w a s  
s e l e c t e d  because  i t  produced what is  cons idered  i n  o t h e r  a l l o y s  o f  t h i s  
type t o  b e  an optimum gamma prime morphology f o r  each of t h e  a l l o y s .  
b. S t r u c t u r a l  Examinations 
A f t e r  t h e  p roper  h e a t  t r e a t m e n t s  had been determined f o r  each 
a l l o y ,  samples a f t e r  each s t a g e  of h e a t  t r e a t m e n t  were  s u b j e c t e d  t o  a 
s t r u c t u r a l  examinat ion us ing  e l e c t r o n  microscopy and X-ray d i f f r a c t i o n  and 
e l e c t r o n  beam microprobe t echn iques .  Samples from each of t h e  f o u r  com- 
p o s i t i o n s  were examined i n  t h e  s o l u t i o n  t r e a t e d  c o n d i t i o n ,  t h e  s o l u t i o n  
t r e a t e d  p l u s  i n t e r m e d i a t e  aged c o n d i t i o n ,  and t h e  s o l u t i o n  t r e a t e d  p l u s  
i n t e r m e d i a t e  aged p l u s  f i n a l  aged cond i t ion .  
The r e s u l t s  of t h e  phase  i d e n t i f i c a t i o n  work conducted on 
Unitemp AF 2-1DA a f t e r  v a r i o u s  s t a g e s  of h e a t  t r e a t m e n t  a r e  summarized i n  
Tab le  16. E l e c t r o n  micrographs of Unitemp AF 2-1DA a f t e r  each s t a g e  of i t s  
h e a t  t r e a t m e n t  a r e  i l l u s t r a t e d  i n  F igure  24. The X-ray d a t a  i n d i c a t e d  t h a t  
t h e  on ly  phase  p r e s e n t  i n  t h e  s o l u t i o r l  t r e a t e d  c o n d i t i o n  was t h e  fIC-type 
c a r b i d e .  I n t e r m e d i a t e  aging r e s u l t e d  i n  t h e  p r e c i p i t a t i o n  of ?16C-type 
c a r b i d e s ,  which were  a l s o  p r e s e n t  i n  an e q u i v a l e n t  amount i n  t h e  f i n a l  aged 
o r  f u l l y  h e a t  t r e a t e d  condition.>k These t r e n d s  can a l s o  b e  observed i n  t h e  
e l e c t r o n  micrographs ,  The s o l u t i o n  t r e a t e d  s t r u c t u r e  e x h i b i t e d  l a r g e  and 
s m a l l  MC-type c a r b i d e s  which were surrounded by extremely f i n e  gamma pr ime 
p a r t i c l e s  throughout t h e  m a t r i x  , The g r a i n  boundar ies  con ta ined  no c a r b i d e s  
*Gamma pr ime,  p r e s e n t  i n  a lmost  a l l  specimens,  is n o t  d e t e c t e d  by X-ray 
a n a l y s i s  because t h e  s o l u t i o n  f o r  d i g e s t i o n ,  t e n  p e r c e n t  h y d r o c h l o r i c  a c i d  
i n  methanol,  d i s s o l v e s  t h i s  phase,  
i n  t h i s  c o n d i t i o n ,  A f t e r  i n t e r m e d i a t e  ag ing ,  t h e  n o s t  s i g n i f i c a n t  s t r u c -  
t u r a l  e f f e c t  was t h e  growth of t h e  gamma prime p a r t i c l e s .  Another s i g -  
n i f i c a n t  e f f e c t  w a s  t h e  p r e c i p i t a t i o n  of t h e  M6C-type c a r b i d e s  i n  t h e  
g r a i n  boundar ies ,  These c a r b i d e s  fornled a s  a r e s u l t  of t h e  decomposi t ion 
of t h e  FfC-type c a r b i d e s  a s  shown i n  EP11620 of F igure  24. The f i n a l  aged 
o r  f u l l y  h e a t  t r e a t e d  m i c r o s t r u c t u r e  a l s o  e x h i b i t e d  t h e  TIC and Tl6C-type 
c a r b i d e s  surrounded by gamma prime p a r t i c l e s ,  The most s i g n i f i c a n t  change 
from t h e  i n t e r m e d i a t e  aged s t r u c t u r e  was t h e  gamma prime morphology. The 
blocky p a r t i c l e s  were much s h a r p e r ,  and i n t e r s p e r s e d  between t h o s e  
p a r t i c l e s  were ve ry  f i n e  r e c i p i t a t e s ,  commonly r e f e r r e d  t o  as second 
g e n e r a t i o n  gamma pr ime,  (4P 
I n  g e n e r a l ,  t h e  r e s u l t s  of t h e  X-ray phase  a n a l y s e s  f o r  t h e  
remaining t h r e e  a l l o y s  a f t e r  each s t a g e  of h e a t  t r e a t m e n t  were s i m i l a r .  
The I 5  i n t e r m e d i a t e  aging t r e a t m e n t  r e s u l t e d  i n  t h e  fo rmat ion  of M23C6- 
type g r a i n  boundary c a r b i d e s ,  and E16C-type c a r b i d e s  were formed i n  I I b .  
The only  a l l o y  which d i d  n o t  form any d e t e c t a b l e  amount of g r a i n  boundary 
c a r b i d e s  was I I I g  mod. 
The e f f e c t s  of t h e  h e a t  t r e a t m e n t  on t h e  m i c r o s t r u c t u r e s  of 
I 5 ,  I I b ,  and I I I g  mod a r e  shown i n  F i g u r e s  25, 26, and 27, r e s p e c t i v e l y .  
The g e n e r a l  s t r u c t u r a l  changes were similar t o  t h o s e  d e s c r i b e d  above f o r  
Unitemp AF 2-lDA, a l though  some v a r i a t i o n s  d i d  occur.  For example, t h e  
g r a i n  boundary c a r b i d e s  were ex t remely  f i n e  i n  t h e s e  t h r e e  a l l o y s ,  even 
a f t e r  f u l l  h e a t  t r ea tment .  Also,  I 5 and I I b  e x h i b i t e d  a  e u t e c t i c - l i k e  
gamma prime s t r u c t u r e  even i n  t h e  f u l l y  h e a t  t r e a t e d  condition. The 
s o l u t i o n  t rea tment  t empera tu res  f o r  t h e s e  a l l o y s  were q u i t e  h i g h  a t  
2225°F ( 1 2 1 8 O ~ ) ,  thus  i n d i c a t i n g  t h e  s o l u t i o n i n g  t empera tu re  of t h e s e  
e u t e c t i c - l i k e  c o n s t i t u e n t s  is above 2225OF (1218OC). Higher s o l u t i o n  
t empera tu res  t h a n  used are n o t  recommended a s  they would r e s u l t  i n  ex- 
t remely l a r g e  g r a i n  s i z e s  and p o s s i b l y  i n c i p i e n t  mel t ing .  With r e s p e c t  
t o  gamma prime morphology, t h e  extremely f i n e  s i z e  of t h e  i n d i v i d u a l  gamma 
prime p a r t i c l e s  i n  t h e  I I b  and I I I g  mod f u l l y  h e a t  t r e a t e d  samples shou ld  
be noted.  These p a r t i c l e s  were much s m a l l e r  t h a n  were t h e  p a r t i c l e s  i n  
t h e  Unitemp AF 2-lDA and I 5 s t r u c t u r e s .  
P l a t e r i a l  f o r  mechanical  t e s t i n g  was taken from double  e x t r u d e d  
s t o c k  and was h e a t  t r e a t e d  by t h e  optimum methods determined from t h e  h e a t  
t r e a t m e n t  e v a l u a t i o n s  d e s c r i b e d  i n  t h e  p rev ious  s e c t i o n .  
a. T e n s i l e  T e s t s  
The r e s u l t s  of t h e  t e n s i l e  t e s t s  conducted nn Unitemp AF 2-lDA, 
I 5 ,  I I b ,  and I I I g  mod a r e  shown i n  Tab les  17  t o  20, r e s p e c t i v e l y .  The 
e f f e c t  of t e s t  t empera tu re  on u l t i m a t e  t e n s i l e  s t r e n g t h ,  0.2 p e r c e n t  y i e l d  
s t r e n g t h ,  and t e n s i l e  d u c t i l i t y  a r e  i l l u s t r a t e d  i n  F igures  28, 29, and 30 
r e s p e c t i v e l y ,  The d a t a  p o i n t s  p l o t t e d  on t h e s e  f i g u r e s  r e p r e s e n t  an average  
of t h e  two tests, 
A s  shown i n  F igures  28 and 29, wi th  r e s p e c t  t o  u l t ima te  
t e n s i l e  and y i e l d  s t r e n g t h s ,  I I b  exh ib i t ed  t h e  h i g h e s t  s t r e n g t h  va lues  
over t h e  temperature range inves t i ga t ed .  The u l t i m a t e  t e n s i l e  s t r e n g t h  
f o r  I I b  ranged from approximately 217,000 p s i  (1500 N/mm2) a t  room 
temperature t o  81,000 p s i  (558 N/mm2) a t  1800°F (982°C) ; and, y i e l d  
s t r e n g t h  va lues  ranged from approximatelq 174,000 p s i  (1198 i.l/mm2) a t  
room temperature  t o  61,000 p s i  (420 N/mm ) a t  1800°F (982°C). Tens i l e  
and y i e l d  s t r e n g t h s  exh ib i t ed  f o r  Unitemp A?? 2-1DA and I I I g  mod were 
very  s i m i l a r  throughout t h e  temperature  range i n v e s t i g a t e d  and were an 
average of 10,000 t o  15,000 p s i  (69 t o  103 N/mm2) lower than t h e  s t r e n g t h s  
exh ib i t ed  by I I b .  From room temperature t o  1000°F (538O~) ,  I I I g  mod had 
s l i g h t l y  h ighe r  s t r e n g t h  va lues  than Unitemp AF 2-IDA; however, from 
1200°F (649°C) t o  1 800°F (98Z0C), Unitemp AF 2-1J)A became s l i g h t l y  
s t ronger .  The weakest of t he  four  a l l o y s ,  wi th  r e s p e c t  t o  u l t i m a t e  
t e n s i l e  and y i e l d  s t r e n g t h s  was 1 5 ,  S t rength  va lues  f o r  I 5 va r i ed  w i th  
temperature,  bu t  were 20,000 t o  50,000 p s i  (138 t o  344 N/mm2) l e s s  than 
t h e  corresponding s t r e n g t h s  exh ib i t ed  by t h e  s t r o n g e s t  a l l o y ,  I I b .  
A s  shown i n  Figure 30, t e n s i l e  reduc t ion  of a r e a  va lues  v a r i e d  
considerably f o r  t h e  a l l o y s  over t h e  temperature range inves t i ga t ed .  The 
g e n e r a l  t r e n d  f o r  I 5 ,  I I b ,  and I I I g  mod was f o r  d u c t i l i t y  t o  decrease  as 
the  test temperature increased .  The b e s t  low temperature d u c t i l i t y  was 
exh ib i t ed  by I 5 ,  and was approximately 25 percent  a t  room temperature.  
However, beyond 1000°F (538"C), t h e  t e n s i l e  d u c t i l i t y  of I 5 dropped t o  
a l o w  of about s i x  percent  f o r  t h e  1800°F (982°C) tes t ,  The d u c t i l i t y  
va lues  f o r  I I I g  mod were lower than f o r  I 5 ,  and a s i m i l a r  decrease  i n  
d u c t i l i t y  occurred wi th  i nc reas ing  temperature.  I n  t h i s  case ,  t h e  decrease  
was from about 18  pe rcen t  a t  room temperature  t o  two Percent  a t  180O0F 
(982°C). The t e n s i l e  d u c t i l i t y  of I I b  was c o n s i s t e n t l y  low, even a t  low 
test temperatures ,  Reduction of a r e a  va lues  were approximately 12 pe rcen t  
from room temperature t o  1400°F (760°C); however, t h e s e  va lues  s t e a d i l y  
decreased a t  temperatures  above 1400°F (760°C) t o  e i g h t  Percent  a t  160O0F 
(871°C) and t h r e e  pe rcen t  a t  1800°F (982°C). The b e s t  o v e r a l l  t e n s i l e  
d u c t i l i t y  was exh ib i t ed  by Unitemp AF 2-IDA. From a low room temperature  
d u c t i l i t y  nea r  10 pe rcen t ,  t he  reduc t ion  of a r e a  va lues  increased  t o  17 
percent  a t  1000°F (538°C) and remained s t eady  between 16 and 18  percent  
from 1000°F (538°C) t o  1800°F (982°C). 
The stress rup tu re  test d a t a  f o r  t he  f o u r  a l l o y s  a r e  l i s t e d  
i n  Tables  21 t o  24 and a r e  i l l u s t r a t e d  i n  Figures  3 1  and 32. The d a t a  
p l o t t e d  i n  t h e  f i g u r e s  r ep re sen t  t he  average of two o r  t h r e e  tests. 
With r e s p e c t  t o  rup ture  s t r eng th ,  a s  shown i n  t h e  Larson- 
Miller parameter p l o t  i n  Figure 31, I I b  exh ib i t ed  t h e  b e s t  p r o p e r t i e s  
over t h e  e n t i r e  range of temperature and s t r e s s  condi t ions  evaluated.  The 
rup tu re  p r o p e r t i e s  exh ib i t ed  by Unitemp AF 2-IDA were very c l o s e  t o  t hose  
e x h i b i t e d  by I l b ,  a l though  s l i g h t l y  lower o v e r  t h e  range e v a l u a t e d .  Both 
I 5  and I I I g  mod e x h i b i t e d  r u p t u r e  p r o p e r t i e s  c o n s i d e r a b l y  lower t h a n  t h e  
I I b  o r  Unitemp AF 2-1DA v a l u e s .  Of t h e  two a l l o y s ,  I 5 appeared t o  e x h i b i t  
b e t t e r  r u p t u r e  l i f e  a t  low temperature-high stress c o n d i t i o n s ,  w h i l e  I I I g  
mod e x h i b i t e d  b e t t e r  p r o p e r t i e s  a t  h i g h  temperature-low stress c o n d i t i o n s .  
From t h e  r u p t u r e  d u c t i l i t y  d a t a  r e p r e s e n t e d  i n  F i g u r e  32, 
a s  measured by r e d u c t i o n  of a r e a u n i t e m p  AF 2-1DA d i s p l a y e d  t h e  b e s t  
r u p t u r e  d u c t i l i t y  of t h e  f o u r  Task I1 a l l o y s  e v a l u a t e d  a t  each  test t e m -  
p e r a t u r e .  The r u p t u r e  d u c t i l i t y  v a l u e s  f o r  Unitemp AF 2-1DA were o n l y  
s l i g h t l y  g r e a t e r  t h a n  v a l u e s  e x h i b i t e d  by t h e  o t h e r  a l l o y s  a t  low t e m -  
p e r a t u r e s ;  however, t h i s  e f f e c t  became much more s i g n i f i c a n t  as t h e  
t empera tu re  i n c r e a s e d .  The o t h e r  a l l o y s  a l s o  d i s p l a y e d  t h e  t r e n d  f o r  in -  
c r e a s i n g  d u c t i l i t y  w i t h  i n c r e a s i n g  t empera tu re ,  a l though  t h e  v a l u e s  f o r  
t h e s e  a l l o y s  were c o n s i d e r a b l y  lower t h a n  t h e  v a l u e s  f o r  Unitemp AF 2-IDA, 
2) S t r u c t u r a l  Eva lua t ion  
The stress r u p t u r e  t e s t i n g  was supplemented by a  s t r u c -  
t u r a l  examinat ion of specimens of each a l l o y  a f t e r  t e s t i n g  a t  t h r e e  con- 
d i t i o n s ,  Specimens from each of t h e  f o u r  a l l o y s  were examined by o p t i c a l  
and e l e c t r o n  microscopy and by phase  a n a l y s i s  through X-ray d i f f r a c t i o n  
t echn iques ,  Specimens were examined a f t e r  t e s t i n g  at  t h e  fo l lowing  con- 
d i t i o n s :  a )  1400°F/ 90,000 p s i  (760°C/620 N/mm2), b)  1600°F/55,000 p s i  
(871°C/380 ~ / m m 2 )  and c )  1900°F/15,000 p s i  (1038OC/103 N/mm2), These  
specimens were s e l e c t e d  t o  examine t h e  s t r u c t u r a l  e f f e c t s  of low tem- 
pera tu re -h igh  stress c o n d i t i o n s ,  moderate temperature-moderate stress 
c o n d i t i o n s ,  and h i g h  temperature-low s t r e s s  c o n d i t i o n s ,  r e s p e c t i v e l y .  
The r e s u l t s  of examinat ions  a r e  shown i n  F i g u r e s  3 3  t o  36 and Tab le  25. 
The r e s u l t s  of t h e  X-ray d i f f r a c t i o n  s t u d i e s  of e x t r a c t e d  
r e s i d u e s  a r e  summarized i n  Table  25. Also inc luded  i n  t h e  t a b l e  i s  t h e  
t i m e  each sample was exposed t o  t h e  test c o n d i t i o n s  u n t i l  r u p t u r e  occur red .  
Th is  t i m e  i s  impor tan t  and must b e  f a c t o r e d  i n t o  t h e  X-ray phase  a n a l y s i s ,  
a s  t h e  t i m e  a m a t e r i a l  is  exposed t o  t e m p e r a t u r e - s t r e s s  c o n d i t i o n s  h a s  a 
s i g n i f i c a n t  e f f e c t  on t h e  m i c r o s t r u c t u r a l  changes which can occur .  
The phase i d e n t i f i c a t i o n  d a t a  f o r  Unitemp AF 2-1DA samples  
a f t e r  t e s t i n g  i n d i c a t e d  t h e  p resence  of t h e  t h r e e  major c a r b i d e  phases :  
MC-, MgC-, and hI23Cg-type c a r b i d e s .  The r e l a t i v e  c o n c e n t r a t i o n  of t h e s e  
phases  v a r i e d  depending upon t h e  test temperature .  A s  t h e  test  t empera tu re  
i n c r e a s e d ,  t h e  PIC-type c a r b i d e  decomposit ion r a t e  i n c r e a s e d .  T h i s  decom- 
p o s i t i o n  of MC-type c a r b i d e s  w a s  accompanied by an  i n c r e a s e  i n  t h e  concen- 
t r a t i o n  of EIgC and P123C6-type c a r b i d e s ,  Th i s  e f f e c t  can b e  observed i n  t h e  
e l e c t r o n  micrographs  shown i n  F igure  33. With i n c r e a s i n g  test t e m p e r a t u r e s ,  
t h e  massive  MC-type c a r b i d e s  p r e s e n t  i n  t h e  as-heat  t r e a t e d  m i c r o s t r u c t u r e  
began t o  decompose i n t o  s m a l l e r  g r a i n  boundary c a r b i d e s .  The sample which 
was t e s t e d  a t  1900°F (1038°C) e x h i b i t e d  extremely l a r g e  g r a i n  boundary MbC- 
and M23Cg-type ca rb ides .  The i n c r e a s i n g  t empera tu re  a l s o  had a  s i g n i f i c a n t  
e f f e c t  on t h e  gamma prime morphology. The very  f i n e ,  b locky gamma pr ime 
p a r t i c l e s  i n  t h e  as-heat t r e a t e d  miczs s t ruc tu re  tended t o  grow with in- 
c reas ing  temperature. Af te r  t e s t i n g  a t  1900°F ( 1 0 3 8 " ~ ) ~  t h e  coarsened 
gamma prime p a r t i c l e s  became elongated i n  t h e  d i r e c t i o n  of t h e  stress, 
Severa l  un iden t i f i ed  l i n e s  were p re sen t  i n  t h e  Unitemp AF 2-IDA X-ray 
scans. These l i n e s  were a l s o  p re sen t  i n  s e v e r a l  I 5 and I I b  samples and 
were t e n t a t i v e l y  i d e n t i f i e d  a s  a cubic M2M-type phase, In  a l l  eases ,  t h e  
r e l a t i v e  i n t e n s i t y  of t h e  l i n e s  was very weak, making exac t  i d e n t i f i c a t i o n  
impossible.  
The phase i d e n t i f i c a t i o n  work conducted on I 5 stress rup- 
t u r e  specimens revealed only a s l i g h t  decrease i n  t h e  concent ra t ion  of MC- 
type carb ides  with increas ing  test temperature. No g r a i n  boundary M6C- o r  
M23C6- type  carb ides  were de tec ted  i n  any of t h e  samples, It is be l ieved  
t h a t  t h e  decomposition of t h e  MC-type carb ides  r e s u l t e d  i n  t h e  formation 
of some carb ide  phase; however, theaconcentrat ion of t h i s  phase was not 
s i g n i f i c a n t  enough t o  d e t e c t  by normal e l e c t r o l y t i c  e x t r a c t i o n  and X-ray 
d i f f r a c t i o n  techniques,  The r e s u l t s  of t h e  e l e c t r o n  microscopy s t u d i e s  of 
t he  I 5 s t r e s s  rup tu re  samples a r e  shown i n  Figure 34, A s  was t h e  case  
f o r  t h e  Unitemp AF 2-1DA samples, increas ing  temperature caused a coarsening 
of t h e  gamma prime p a r t i c l e s ,  e s p e c i a l l y  a f t e r  t e s t i n g  a t  1900°F (1038°C). 
Also, t he  near-complete absence of g r a i n  boundary carb ides  suggested from 
the  X-ray d a t a  was confirmed i n  t hese  s t u d i e s .  Mote t h e  extremely f i n e  
boundaries ,  even i n  the  sample t e s t e d  a t  1900°F (1038°C). The boundaries 
appear t o  be e n t i r e l y  f r e e  of g r a i n  boundary carb ides ,  except  f o r  s e v e r a l  
extremely small ,  widely d ispersed  p a r t i c l e s ,  
The r e s u l t s  of the  phase i d e n t i f i c a t i o n  work conducted on 
t h e  I I b  stress rupture  specimens were very s i m i l a r  t o  those  derived f o r  
Unitemp AF 2-IDA. The major carb ide  phase, t h e  MC-type, decomposed wi th  
inc reas ing  temperature and r e s u l t e d  i n  t h e  formation of progress ive ly  
l a r g e r  concent ra t ions  of MgC- and M23Cg-type carbides.  Af te r  t e s t i n g  a t  
1400°F (760°c), only MC- and MgC-type carb ides  were i d e n t i f i e d  i n  t h e  ex- 
t r a c t e d  res idue ,  However, a s l i g h t l y  g r e a t e r  decomposition of t h e  MC-type 
carb ides  a f t e r  t e s t i n g  a t  1600°F (871°C) r e s u l t e d  i n  t h e  formation of a 
moderate amount of M23Cg-type carb ides ,  i n  add i t i on  t o  t he  MC- and MgC- 
type. The most s i g n i f i c a n t  change occurred a f t e r  t e s t i n g  a t  1 9 0 0 ° ~  
(1038°C). A much more s i g n i f i c a n t  decomposition of MC-type carb ides  re- 
s u l t e d  i n  t he  formation of a l a r g e  amount of M6C-type carb ides ,  The amount 
of M23Cg-type carb ides  formed was l e s s  than formed during t h e  1600°F 
(871'0 t e s t ,  probably due t o  t h e  higher  temperature which does no t  f avo r  
t he  formation of t h e  l e s s  s t a b l e  M23C6-type carbides.  These e f f e c t s  can 
be observed i n  t h e  micros t ruc tures  a s  shown i n  Figure 35. Af t e r  t e s t i n g  
a t  1 4 0 0 " ~  (760°C), t h e  very f i n e  g r a i n  boundary carb ides  were predominantly 
the  MgC-type. Af te r  t e s t i n g  a t  1 6 0 0 " ~  (871°C), t h e  g r a i n  boundaries be- 
came t h i c k e r  with an inc rease  i n  the  amount of t he  M23Cg-type carbide,  
which a t  t h i s  temperature was t h e  major g r a i n  boundary p r e c i p i t a t e .  Af t e r  
t he  1900°F (1038°C) t e s t ,  the  gamma prime p r e c i p i t a t e  again became coarsened; 
however, t h e  most s i g n i f i c a n t  change was the  thickened g r a i n  boundaries. 
These carb ides  were almost continuous, separa ted  only i n  p l aces  by a r e a s  
of gamma prime. 
The e f f e c t  of temperature on t h e  phase changes i n  111 g mod 
a f t e r  stress r u p t u r e  t e s t i n g  was very s i m i l a r  t o  t h e  behavior  of I 5, In- 
c reas ing  test temperature r e s u l t e d  only i n  a decrease  i n  t h e  concen t r a t i on  
of t h e  MC-type carb ide ,  Even a f t e r  t e s t i n g  a t  1 9 0 0 ° ~  ( 1 0 3 8 " ~ ) ,  no s i g n i f i -  
cant  amount of g r a i n  boundary carb ides  were de tec ted .  Again i t  is  be l i eved  
t h a t  some sma l l  degree of g r a i n  boundary carb ide  p r e c i p i t a t i o n  occurred;  
however, t h e  amount was no t  s i g n i f i c a n t  enough t o  be de t ec t ed  by normal ex- 
t r a c t i o n  and X-ray d i f f r a c t i o n  techniques.  A s  shown i n  t he  e l e c t r o n  
micrographs i n  Figure 36, no apprec iab le  g r a i n  boundary carb ide  p r e c i p i t a t e  
was ev ident  i n  t h e  mic ros t ruc tu re s ,  The random d i spe r s ion  of MC-type car-  
b ides  occas iona l ly  r e s u l t e d  i n  t h e  formation of an MC-type carb ide  i n  t h e  
g r a i n  boundary, a s  shown i n  one of t h e  photographs a f t e r  t e s t i n g  a t  1600°F 
(871°C); however, t h e  only s i g n i f i c a n t  m i c r o s t r u c t u r a l  changes which occur red  
i n  I I I g  mod were t h e  decomposition of t h e  MC-type carb ides  and t h e  coarsening 
of t h e  gamma prime p a r t i c l e s  wi th  i nc reas ing  test temperature,  
The r e s u l t s  of t h e  i n t e r r u p t e d  low cyc l e  f a t i g u e  tests con- 
ducted on t h e  fou r  Task I1 double extruded a l l o y s  a r e  summarized i n  Table  
26, The r e s u l t s  i n d i c a t e  t h a t  I I b  exh ib i t ed  t h e  b e s t  low cyc le  f a t i g u e  
s t r e n g t h  of t h e  f o u r  a l l o y s  a t  a l l  temperature-s t ress  condi t ions  eva lua ted .  
With the  except ion  of t h e  I 5  test a t  1300°F (704OC), which surv ived  a 
l a r g e r  number of cyc les  t o  f a i l u r e  than t h e  corresponding Unitemp AF 2-IDA 
test,  Unitemp AF 2-IDA exh ib i t ed  t h e  second b e s t  p r o p e r t i e s ,  followed by 
I 5  and I I I g  mod, r e spec t ive ly ,  The p r o p e r t i e s  obtained on t h e  111 g mod 
samples were very low a s  compared wi th  t h e  o t h e r  t h r e e  a l l oys .  
The b a r s  r e s u l t i n g  from t h e  Task I r o l l i n g  s t u d i e s  conducted 
on Unitemp AF 2-1DA and I 5  i n  t h e  as-cast  condi t ion  were prev ious ly  shown 
i n  Figure 15. Bars of Unitemp AF 2-IDA, I 5 ,  I I b ,  and I I I g  mod a f t e r  
s i n g l e  e x t r u s i o n  and r o l l i n g  a r e  p i c t u r e d  i n  Figure 37. 
The r e s u l t s  of t h e  Task I r o l l i n g  s t u d i e s  conducted on Unitemp 
AF 2-IDA and I 5  as-cast  m a t e r i a l  were prev ious ly  discussed,  S t r e s s  rup- 
t u r e  specimens were sec t ioned  from each ba r ,  hea t  t r e a t e d  by t h e  optimum 
methods der ived  from t h e  h e a t  t reatment  s tudy ,  and subjec ted  t o  t e s t i n g  a t  
var ious  t empera tu re / s t r e s s  condi t ions  ranging from 1300°F/100,000 p s i  
(704OC/690 N/mm2) t o  1900°F/15,000 p s i  (1038"C/103 N/mm2). The test con- 
d i t i o n s  were s i m i l a r  t o  those used i n  t h e  stress rup tu re  t e s t i n g  of double 
extruded m a t e r i a l ,  The r e s u l t s  of t he se  t e s t s  a r e  s a r i z e d  i n  Table  27, 
Addi t iona l  r o l l i n g  s t u d i e s  were conducted on t h e  fou r  Task II 
a l l o y s  i n  t h e  s i n g l e  extruded condi t ion ,  A s i x  inch  (0.15 m) long segwent 
was sec t ioned  frcxn a  one inch (0.025 m) diameter canned s i n g l e  extruded 
b i l l e t  from each csmposition, The p i eces  were r o l l e d  t o  0,60 inch (0,015 m) 
diameter  b a r s ,  2nd t h e  r e s u l t s  of t h e  r o l l i n g  a r e  p i c tu red  i n  F igure  37, 
The condi t ion  of t h e  Unitemp AF 2-IDA, I 5 ,  and IIb b a r s  was s a t i s -  
f a c t o r y ;  however, t h e  I I I g  mod b a r  experienced very deep cracking dur ing  
t h e  r o l l i n g  opera t ion ,  and processing was d i scont inued  a f t e r  reducing t h e  
b a r  t o  approximately 0.85 inch (0,022 m) diameter .  The condi t ion  of t h i s  
b a r  was t o o  poor t o  recover  stress rup tu re  samples; however, samples were 
sec t ioned  from t h e  remaining t h r e e  b a r s ,  h e a t  t r e a t e d  and sub jec t ed  t o  
stress rup tu re  t e s t i n g  a t  t h e  same condi t ions  s p e c i f i e d  f o r  t h e  m a t e r i a l  
r o l l e d  d i r e c t l y  from ingot .  The r e s u l t s  of t h e s e  tests a r e  shown i n  
Table 28, 
The rup tu re  d a t a  f o r  Unitemp AF 2-IDA and I 5 i n  t h e  double  ex- 
truded condi t ion ,  t h e  s i n g l e  extruded and r o l l e d  condi t ion ,  and t h e  as-cast  
and r o l l e d  cond i t i on  were p l o t t e d  on Larson-Miller parameter curves  and a r e  
shown f o r  t h e  two a l l o y s  i n  Figures  38 and 39, r e spec t ive ly .  The rup tu re  
d a t a  f o r  I I b  i n  t h e  double extruded,  and s i n g l e  extruded and r o l l e d  con- 
d i t i o n  were a l s o  p l o t t e d  on parameter curves ,  and t h e  curves are presen ted  
i n  F igure  40. 
No extreme v a r i a t i o n  i n  rup tu re  s t r e n g t h  occurred f o r  Unitemp 
AF 2-1DA processed by t h e  t h r e e  methods, a l though t h e  double extruded ma- 
t e r i a l  e x h i b i t e d  s l i g h t l y  b e t t e r  rup tu re  s t r e n g t h s  than t h e  m a t e r i a l  r o l l e d  
d i r e c t l y  from i n g o t  o r  t h e  s i n g l e  extruded and r o l l e d  ma te r i a l .  
The rup tu re  s t r e n g t h  d a t a  f o r  I 5 and I I b ,  however, exh ib i t ed  
condiderable  v a r i a t i o n  depending on t h e  processing method. The rup tu re  
s t r e n g t h  of t h e  I 5 m a t e r i a l  r o l l e d  d i r e c t l y  from ingo t  w a s  cons iderab ly  
improved over t h e  s t r e n g t h  of I 5 produced by double ex t ru s ion ,  These 
p r o p e r t i e s  were very c l o s e  t o  t h e  s t r e n g t h s  achieved by double ex t ruded  
I I b ,  which exh ib i t ed  t h e  b e s t  rup tu re  s t r e n g t h  of any of t h e  a l l o y s  i n  t h e  
double extruded condi t ion ,  However, I 5 processed by s i n g l e  ex t ru s ion  and 
r o l l i n g  exh ib i t ed  very poor rup tu re  s t r e n g t h s .  The d a t a  f o r  I I b  a l s o  v a r i e d  
considerably,  wi th  t h e  m a t e r i a l  i n  t h e  s i n g l e  extruded and r o l l e d  cond i t i on  
e x h i b i t i n g  considerably lower rup tu re  s t r e n g t h s  than  t h e  double extruded I I b ,  
These v a r i a t i o n s  can be  explained by examining t h e  micro- 
s t r u c t u r e s  of I 5 and I I b  m a t e r i a l  processed by t h e  var ious  methods and 
sub jec t ed  t o  t h e  s tandard  h e a t  t rea tments  f o r  t he  a l l o y s .  The s t r u c t u r a l  
appearance a f t e r  t h e  s tandard  h e a t  t rea tments  v a r i e d  considerably depend- 
ing on t h e  method t h e  a l l o y s  were processed. These s t r u c t u r a l  e f f e c t s  a r e  
shown i n  Figures  4 1  and 42 f o r  I 5 and I I b ,  r e spec t ive ly .  The two I 5 
samples shown i n  Figure 41  were both hea t  t r e a t e d  us ing  the  same cyc le  and 
were t e s t e d  a t  t h e  same condi t ions  of 1300°~/100,000 p s i  (704OC/690 ~/mm*), 
The samples d i f f e r  only i n  t h a t  one was taken from m a t e r i a l  d i r e c t l y  
r o l l e d  from ingo t  form and t h e  o t h e r  was taken from s i n g l e  extruded and 
r o l l e d  m a t e r i a l ,  The sample from t h e  m a t e r i a l  which was r o l l e d  d i r e c t l y  
from i n g o t  had a very uniform g r a i n  s i z e  i n  t h e  a r e a  of ASTM 4 t o  5, H m -  
ever ,  t h e  sample from t h e  s i n g l e  extruded and r o l l e d  m a t e r i a l  had a v a r i a b l e  
g r a i n  s i z e ,  Most of t h e  a r e a  exh ib i t ed  very f i n e  g r a i n  s i z e  of ASTM 7 t o  
9 o r  f i n e r ,  a l though some a r e a s  of l a r g e r  g r a i n s  (ASTM 2 t o  5) were p re sen t .  
This  v a r i a t i o n  was s i g n i f i c a n t  enough t o  cause t he  1400°F/90,000 p s i  
(760°C/620 ~ / r n ~ )  r u p t u r e  l i f e  t o  decrease from 841.5 hours  f o r  t h e  sam- 
p l e  with a r e l a t i v e l y  l a r g e ,  u n i f o m  g r a i n  s i z e  t o  138,2 hours f o r  t h e  
sample with t h e  smaller, v a r i a b l e  g r a i n  s i z e .  
Figure 42 shows a s i m i l a r  s i t u a t i o n  w 2 s  encountered f o r  I I b ,  
The 1400°F/90,000 p s i  (760°c/620 ~ / m m ~ )  s t r e s s  rup tu re  l i f e  of double ex- 
t ruded I I b  w a s  201,7 hours; however, t h e  l i f e  was decreased t o  69,7 hours  
f o r  s i n g l e  extruded and r o l l e d  m a t e r i a l  h e a t  t r e a t e d  using t h e  same cyc le ,  
The g r a i n  s i z e  of t h e  double extruded m a t e r i a l  a f t e r  h e a t  t rea tment  was 
ASTM 3 t o  5, whi le  a v a r i a b l e  g r a i n  s i z e  £ran ASTM 1 t o  7 was exh ib i t ed  by 
t h e  s i n g l e  extruded and  r o l l e d  ma te r i a l .  Also p re sen t  i n  t h e  micro- 
s t r u c t u r e  of t h e  s i n g l e  extruded and r o l l e d  sample was a s t r i nge r - type  
d i spe r s ion  of undissolved ca rb ide  p a r t i c l e s ,  These p a r t i c l e s  were es- 
p e c i a l l y  concentrated i n  t h e  f i n e r  g r a i n  s i z e  a r e a s ,  and sugges t  t he  reason  
t h e  g r a i n s  d i d  n o t  grow t o  an acceptab le  s i z e  w a s  due t o  t h e  undissolved 
carb ide  p a r t i c l e s  concent ra ted  i n  c e r t a i n  a r ea s ,  
Forging s t u d i e s  were conducted on 1-118 inch  (0,028 m) d iameter  
s i n g l e  extruded b a r s  r ep re sen t ing  each of t h e  Task I1 a l l o y s .  The r e s u l t s  
of t h e s e  s t u d i e s  were unsuccess fu l  a s  t h e  b a r s  f a i l e d  due t o  severe  c e n t e r  
bu r s t i ng ,  These f a i l u r e s  were s i m i l a r  t o  t h e  r e s u l t s  of t h e  Task I forg ing  
s t u d i e s  on Unitemp AF 2-IDA and I 5 ingo t s ,  and were be l ieved  t o  be due t o  
t he  i n a b i l i t y  t o  adequately c o n t r o l  reduc t ions  on t h e  hammer forg ing  un i t .  
No b a r s  were succes s fu l ly  reduced t o  t he  aim 0.60 inch (0.015 m) diameter  
without  f a i l u r e ,  Therefore ,  no m a t e r i a l  was a v a i l a b l e  t o  conduct t h e  
scheduled s t r e s s  rup tu re  t e s t i n g  on forged ma te r i a l .  
a ,  Phase I d e n t i f i c a t i o n  
The r e s u l t s  of t h e  X-ray d i f f r a c t i o n  s t u d i e s  conducted on 
thermal  s t a b i l i t y  specimens represen t ing  each of t h e  Task I1 a l l o y s  a r e  
summarized i n  Table 29. The s t a b i l i t y  samples from each a l l o y  were sub- 
j ec t ed  t o  1500 hours exposure a t  1b00, 1500, 1600, and 1700°F (760, 816, 
891, 927OC). The e f f e c t s  of t h e  s t a b i l i t y  t rea tments  on Unitemp AF 2-IDA 
and 1 5 were s i m i l a r ,  No de t r imen ta l  phases were formed during the  ex- 
posures  i n  e i t h e r  of t h e  a l l o y s ,  However, the  concent ra t ions  of t h e  major 
carb ide  phases were s i g n i f i c a n t l y  a f f e c t e d  by t h e  t reatments .  As  t he  ex- 
posure temperature was increased  from 1400°F (760°C) t o  1 7 0 0 ° ~  (927OC) , 
each of t h e  a l l o y s  experienced a decrease i n  t h e  concent ra t ion  of t h e  MC- 
type carbide.  This  decrease  was accompanied by a s i g n i f i c a n t  i n c r e a s e  i n  
t h e  concent ra t ion  of t h e  g r a i n  boundary M23C6-type carb ide ,  No a d d i t i o n a l  
phases were i d e n t i f i e d  i n  t h e  I 5 samples; however, t he  M6C-type ca rb ide  
was i d e n t i f i e d  i n  each of t h e  Unitemp AF 2-IDA samples. The concent ra t ion  
s f  t h e  carbide decreased f r m  a medium concent ra t ion  a f t e r  exposure a t  1400°F 
(96O0C) t o  a weak concent ra t ion  a f t e r  exposure a t  t he  t h r ee  h igher  tempera- 
t u r e s  * 
The r e s u l t s  of t h e  phase i d e n t i f i c a t i o n  s t u d i e s  conducted on 
I I b  a r e  presented  i n  Table 29. This  a l l o y  a l s o  experienced a decrease i n  
t h e  concent ra t ion  of t h e  MC-type carb ides  wi th  inc reas ing  exposure tempera- 
t u re .  The concent ra t ion  of t h e  M6C-type carb ide  increased  from weak a f t e r  
t he  1400°F ( 7 6 0 " ~ )  and 1500°F (816°C) exposures t o  very s t rong  a f t e r  t h e  
1600°F (871°C) exposure. A medium concent ra t ion  of t h e  MgC-type ca rb ide  
formed during the  1700°F (927°C) exposure. The concent ra t ion  of t h e  M23C6- 
type carb ide  va r i ed  from weak t o  medium a f t e r  t h e  1400, 1500, and 1 7 0 0 " ~  
(760, 816, and 927°C) exposures,  bu t  was very weak a f t e r  t h e  1600°F (871°C) 
exposure. This  decrease  i n  concent ra t ion  a f t e r  t h e  1600°F (871°C) exposure 
was a t t r i b u t e d  t o  t h e  very s t rong  concent ra t ion  of s t a b l e  MgC-type ca rb ides  
which formed a t  t h i s  temperature,  thereby reducing t h e  p re fe r r ed  elements 
a v a i l a b l e  t o  canbine and form t h e  M23Cg-type carbides.  A detrimentalM7Mg- 
type mu phase was i d e n t i f i e d  i n  i nc reas ing  amounts a f t e r  exposure a t  1500, 
1600, and 1700°F (816, 871, 9 2 7 " ~ ) .  The r e l a t i v e  concent ra t ion  of t h i s  
phase increased  from weak, t o  medium s t rong ,  t o  s t rong  with increas ing  ex- 
posure temperatures.  
The r e s u l t s  of t h e  phase a n a l y s i s  of 1118 mod exposure samples 
i nd ica t ed  t h a t  t h e  behavior  of t h e  a l l o y  v a r i e s  considerably when compared 
t o  t h e  o t h e r  t h r e e  a l loys .  No de t r imen ta l  phases were d e f i n i t e l y  i d e n t i f i e d  
a f t e r  exposure a t  any of t h e  temperatures.  However, s e v e r a l  u n i d e n t i f i e d  
l i n e s  i n  t h e  1700°F (927°C) r e s idue  suggested t h e  presence of a p o s s i b l e  
weak concentrat ion of mu phase. The unique f e a t u r e  of t h i s  a l l o y  was t h a t  
i t  d id  no t  experience a decrease i n  t h e  concent ra t ion  of t h e  MC-type car- 
b ides  wi th  inc reas ing  temperature. No s i g n i f i c a n t  degree of g r a i n  boundary 
carb ide  p r e c i p i t a t i o n  occurred u n t i l  t h e  1700°F (927°C) exposure. Weak 
concent ra t ions  of MgC and M23Cg-type carb ides  were i d e n t i f i e d  a f t e r  t he  
1500 and 1600°F (816 add 871°C) exposures. However, medium amounts were 
not  formed u n t i l  t h e  1700°F (927°C) exposure, and no accompanying decrease  
i n  t h e  MC-type carb ide  concent ra t ion  was de tec ted .  
Micros t ruc ture  
The e f f e c t s  of t h e  1500 hour exposures a t  1400, 1500, 1600, and 
1700°F (760, 816, 871, and 9 2 7 " ~ )  on t h e  mic ros t ruc tu re s  of Unitemp AF 2-1DA 
and I 5 a r e  shown i n  Figures  43 and 44, r e spec t ive ly ,  The inc reas ing  con- 
c e n t r a t i o n  of g r a i n  boundary carb ides  a s  t he  exposure temperature increased  
was evident  i n  t h e  mic ros t ruc tu re  of both of t h e  a l l o y s ,  The gamma prime 
morphology a l s o  changed wi th  inc reas ing  exposure temperature a s  t h e  in- 
d iv idua l  p a r t i c l e s  became coarsened. For Unitemp AF 2-IDA, the  most dras-  
t i c  s t r u c t u r a l  change occurred between 1500 and 1600°F (816 add 8 7 1 " ~ ) .  
Af te r  t h e  1500°F (816°C) exposure, t he  s t r u c t u r e  w a s  r e l a t i v e l y  f i n e  a l -  
though the re  was a d e f i n i t e  i nc rease  i n  g r a i n  boundary carb ides ;  however, 
a f t e r  t h e  1600°F (871°C) exposure, the s t r u c t u r e  became extremely coarsened, 
Also, t h e  degree of g r a i n  boundary carb ide  p r e c i p i t a t i o n  increased  con- 
s ide rab ly ,  r e s u l t i n g  i n  thickened g r a i n  boundary envelopes, These e f f e c t s  
became more severe  a f t e r  t h e  1700°F (927OC) exposure, with t he  g r a i n  
boundary envelopes becoming extremely thickened and containing near  con- 
t inuous carb ides  as shown i n  EM1966 of Figure 43, The severe  s t r u c t u r a l  
change f o r  I 5 d i d  no t  occur u n t i l  t h e  1700°F (927OC) exposure,  a s  i l l u s -  
t r a t e d  i n  Figure 44, This  t reatment  r e s u l t e d  i n  extreme gamma prime 
coarsening and thickened g r a i n  boundary envelopes,  Note t h e  decomposition 
of a massive MC-type carb ide  shown i n  EM2012 of Figure 44, 
The r e s u l t s  of t h e  m i c r o s t r u c t u r a l  e x m i n a t i o n  sf IIb thermal 
s t a b i l i t y  specimens a r e  shown i n  F igure  45. The pools  of undissolved gamma 
prime which were p re sen t  i n  t h e  as-heat t r e a t e d  condi t ion  were not  so lu-  
t ioned  a f t e r  t h e  1500 hour exposure a t  any of t h e  temperatures.  A f t e r  
t h e  1400" F (760' C) exposure,  t h e  gamma prime morphology remained r e l a t i v e l y  
f i n e ,  although some degree of increased  g r a i n  boundary carb ide  p r e c i p i t a -  
t i o n  occurred. The formation of very t h i n  M7M6-type mu p l a t e l e t s  occur red  
a f t e r  t h e  1500°F (816O~)  exposure,  and t h e  degree of g r a i n  boundary car -  
b ide  p r e c i p i t a t i o n  a l s o  increased  somewhat. A very s i g n i f i c a n t  s t r u c t u r a l  
change occurred a f t e r  t h e  exposure a t  1600°F (871°C). This  change w a s  
i d e n t i f i e d  by t h e  X-ray d a t a  a s  a sharp  i nc rease  i n  t h e  concen t r a t i on  of 
MgC-type carb ides  and a corresponding decrease i n  t h e  concent ra t ion  of 
Mz3C6-type carb ides .  Although t h e  MgC-type carb ide  u sua l ly  forms as a 
g r a i n  boundary p r e c i p i t a t e ,  t h e  e l e c t r o n  micrographs showed t h a t  t h e  amount 
of g r a i n  boundary p r e c i p i t a t e  d i d  n o t  s i g n i f i c a n t l y  i nc rease  from t h a t  
which occurred a f t e r  t h e  1500°F (816OC) exposure; however, t h e r e  was a con- 
s i d e r a b l e  i nc rease  i n  t h e  amount of t h e  needle- l ike p r e c i p i t a t e s  d i spe r sed  
throughout t h e  matr ix .  E lec t ron  beam microprobe techniques and scanning 
e l e c t r o n  microscopy s t u d i e s  i nd i ca t ed  t h a t  many of t h e  needle- l ike  p a r t i -  
c l e s  were MgC-type carb ides .  The major elements contained i n  these  ca rb ide  
p a r t i c l e s  were found t o  be  chromium and molybdenum; a d d i t i o n a l  e lements  
p re sen t  i n  weaker concent ra t ions  were coba l t ,  n i c k e l ,  tantalum, and tung- 
s ten .  The needle- l ike  mu p l a t e l e t s  were a l s o  analyzed and t h e i r  compo- 
s i t i o n  was very s i m i l a r  t o  t h e  MgC-type ca rb ide  p a r t i c l e s ,  The mu p l a t e l e t s  
appeared t o  conta in  a s u b s t a n t i a l  amount of chromium and were r i c h e r  i n  
tungsten than t h e  M6C p l a t e l e t s ,  The mu p l a t e l e  a l s o  contained weak 
concent ra t ions  of coba l t ,  n i c k e l ,  and molybdenumFf ), Nei ther  phase was 
l a r g e  enough f o r  q u a n t i t a t i v e  microprobe a n a l y s i s ,  
A sample exposed a t  1600°F (871°C) was prepared f o r  e l e c t r o n  
microscopy using s p e c i a l  techniques t o  d i f f e r e n t i a t e  between t h e  two needle- 
l i k e  phases.  This  sample was r e p l i c a t e d  and photographed a s  shown i n  
EM2443. The gamma prime s t r u c t u r e  was no t  p roper ly  accentuated s o  t h e  
needles  could be viewed more c l e a r l y .  The photograph d e f i n i t e l y  shows two 
types of p l a t e l e t s .  A group of t h i n ,  symmetrically-shaped p l a t e l e t s  a r e  
v i s i b l e  i n  t h e  upper l e f t  corner  of t h e  photograph, These p l a t e l e t s  appear 
t o  be  growing along p r e f e r e n t i a l  p lanes ,  and were i d e n t i f i e d  a s  t h e  mu 
phase, The remaining t h i c k e r ,  non-symmetrical p l a t e l e t s  do no t  appear t o  
be a l igned  a f  ong p r e f e r e n t i a l  p lanes  and were i d e n t i f i e d  a s  t h e  MgC-type 
carb ide  phase. The abundant formation of t he  mu and MgC-type ca rb ide  
phases during exposure a t  1600°F (871°C) explained t h e  decrease  i n  t h e  con- 
c e n t r a t i o n  of t h e  M23C6-type g r a i n  boundary carbide.  The M23C6-type car- 
b i d e  conta ins  a heavy concent ra t ion  of chromirrm as its p r h a r p  c o n s t i t u e n t .  
Both t h e  mu and t h e  MgC-type carb ide  phases conta in  very hea~ry concentra- 
t i o n s  s f  chromim, thereby s i g n i f i c a n t l y  decreasing t h e  amount of chromium 
a v a i l a b l e  t o  form t h e  less s t a b l e  M23C6-type carb ides .  The 1600°F (871°C) 
I I b  exposure sample examined by scanning e l e c t r o n  microscopy showing t h e  
heavy g r a i n  boundary p r e c i p i t a t i o n  and needle- l ike  phases is shown i n  
Figure 47. Af t e r  exposure a t  1700°F (927"C), t he  concen t r a t i on  of t h e  mu 
phase increased  s l i g h t l y ;  however, t h e  concent ra t ion  of t h e  needle- l ike  
M6C-type carbide phase s i g n i f i c a n t l y  decreased. This  change r e s u l t e d  i n  
more chromium being a v a i l a b l e  t o  combine and form M23C6-type g r a i n  boundary 
ca rb ides ;  and, a s  shown i n  t h e  micrographs,  t h e  g r a i n  boundary p rec ip i -  
t a t i o n  of t h e  M23Cg-type carb ide  was s i g n i f i c a n t l y  increased  over  t h e  
s l i g h t  amount which occurred during t h e  1600°F ( 8 7 1 " ~ )  exposure. The 
1700°F (927°C) exposure a l s o  r e s u l t e d  i n  a coarsening of t h e  gamma prime 
p a r t i c l e s  and a corresponding i n c r e a s e  i n  t he  t h i cknes s  of t he  g r a i n  
boundary envelopes,  
The r e s u l t s  of t h e  e l e c t r o n  microscopy s t u d i e s  of I I I g  mod 
thermal  s t a b i l i t y  specimens a r e  shown i n  Figure 46. The degree of g r a i n  
boundary carbide p r e c i p i t a t i o n  i n  t h i s  a l l o y  was much less than  f o r  any of 
t h e  o t h e r  a l l o y s ,  Even a f t e r  t h e  1700°F (927°C) exposure,  which r e s u l t e d  
i n  heavy g r a i n  boundary p r e c i p i t a t i o n  and envelope th ickening  f o r  t h e  o t h e r  
t h r e e  a l l o y s ,  no s i g n i f i c a n t  p r e c i p i t a t i o n  occurred. Note t h e  g r a i n  boun- 
d a r i e s  i n  EM2469 a f t e r  t h e  1700°F (927OC) exposure which are almost en- 
t i r e l y  f r e e  of carb ides .  The most s i g n i f i c a n t  s t r u c t u r a l  change experienced 
by t h e  a l l o y  was an  i nc reas ing  degree of gamma prime p a r t i c l e  agglomeration 
wi th  i nc reas ing  exposure temperature from 1 6 0 0 " ~  (871°C) t o  1 7 0 0 " ~  (927°C). 
Also, t h e  p a r t i c l e s  which d i d  n o t  agglomerate experienced coarsening and 
changed from a blocky t o  a rounded conf igura t ion ,  
The r e s u l t s  of t h e  stress rup tu re  tests conducted f o r  each of 
t h e  Task I1 a l l o y s  a f t e r  1500 hours thermal  exposure a t  va r ious  tempera- 
t u r e s  are presen ted  i n  Table 30. A l l  tests were run a t  1400°F/90,000 p s i  
(760°C/620 ~ / m m ~ ) c o n d i t i o n s .  Each of t h e  a l l o y s  exh ib i t ed  decreas ing  stress 
rup tu re  l i v e s  wi th  i nc reas ing  exposure temperature wi th  one except ion.  The 
except ion  w a s  a Unitemp AF 2-IDA sample subjec ted  t o  1500 hours  exposure a t  
1 6 0 0 " ~  (871°C). The reason f o r  t h e  improved rup tu re  s t r e n g t h  of t h i s  sam- 
p l e  was unexplained. Each of t h e  samples exposed a t  1700°F (927O~)  f o r  
1500 hours  experienced f a i l u r e  by b r i t t l e  f r a c t u r e .  This  was probably due 
t o  t h e  extreme th ickening  of t h e  g r a i n  boundaries and heavy g r a i n  boundary 
carb ide  p r e c i p i t a t i o n  e f f e c t e d  by exposure a t  t h i s  temperature.  The rup- 
t u r e  s t r e n g t h s  of Unitemp AF 2-IDA and I 5 were no t  reduced cons iderab ly  
wi th  exposures up t o  1600°F (871°C). However, t h e  rup tu re  s t r e n g t h s  of 
I I b  and I I I g  mod were considerably decreased a f t e r  t h e  1600°F (871°C) 
t reatment .  For I I b ,  t h e  decrease  was probably due t o  a combination of t h e  
very heavy M6C-type carb ide  p r e c i p i t a t i o n  and the  M7M6-type mu phase forma- 
t i o n ,  The mu phase probably has  t he  most de t r imen ta l  e f f e c t  on rup tu re  
s t r e n g t h ,  a s  i t s  i n i t i a l  formation af t e r  t h e  1500°F (816°C) t reatment  
caused a reduc t ion  i n  rup tu re  s t r e n g t h  and i t s  progress ive ly  i nc reas ing  
concent ra t ion  wi th  i nc reas ing  exposure temperature was accompanied by cor- 
responding decreases  i n  rup tu re  l i f e .  The concent ra t ion  of t h e  M6C-type 
carb ide  phase was v a r f  ab l e  w i  t h  i nc reas ing  exposure temperature and could 
n o t  be  c o r r e l a t e d  a s  t h e  cause of t h e  decreas ing  rup ture  s t r e n g t h s ,  How- 
ever, the i n c r e a s e  i n  t h e  degree of M2366-type g r a i n  boundary ca rb ide  gre- 
c i p i t a t i o n  a f t e r  t h e  1 7 0 0 ' ~  (927OC) exposure probably can be c i t e d  as t h e  
cause f o r  t h e  b r i t t l e  f a i l u r e  of t h e  specimen exposed a t  1700°F ( 9 2 7 ' ~ )  a s  
ehe heavy g r a i n  boundary p r e c i p i t a t e s  i n  Unitemp kF 2-IDA and I 5 e f f e c t e d  
t h e  same r e s u l t s .  
a. Continuous T e s t s  
The r e s u l t s  of t h e  100 hour continuous ox ida t ion  tests con- 
ducted a t  1 9 5 0 ' ~  (1066°C) f o r  t he -Task  I1 a l l o y s  a r e  i l l u s t r a t e d  i n  Figure 
48. The d a t a  a r e  p l o t t e d  as weight g a i n  ve r sus  t i m e  a t  temperature.  I I b  
exh ib i t ed  t h e  poo re s t  r e s i s t a n c e  t o  ox ida t ion ,  although t h e  ox ida t ion  r a t e  
of Unitemp AF 2-IDA was s l i g h t l y  more r ap id  up t o  approximately two hours  
exposure. I 5 and I I I g  mod exh ib i t ed  s i m i l a r  r a t e  curves ,  both of which 
were considerably less seve re  than t h e  Unitemp AF 2-1DA and I I b  curves .  
The d a t a  i n d i c a t e d  t h a t  same degree of s p a l l i n g  occurred f o r  a t  l e a s t  t h r e e  
of t h e  a l l oys .  These a l l o y s  were I 5, I I b ,  and I I I g  mod, and t h e  s p a l l i n g  
f o r  each of t h e  a l l o y s  seemed t o  occur  nea r  t h e  end of t h e  100 hour tests. 
The r e s u l t s  of t h e  c y c l i c  ox ida t fon  tests conducted on t h e  
Task I1 a l l o y s  a t  1875, 1950, and 2100°F (1024, 1066, and 1149 '~ )  a r e  sum- 
marized i n  Tables 3 1 t o  33, r e spec t ive ly ,  These d a t a  were very d i f f i c u l t  
t o  analyze due t o  weight l o s se s  experienced by many of t h e  samples dur ing  
the  p e r i o d i c  weighings. Although the  sample assemblies  were designed t o  
r e t a i n  a l l  s p a l l i n g  oxides  wi th in  t h e  c r u c i b l e s ,  i t  is  be l ieved  t h a t  i n  
some in s t ances ,  s c a l e  may have s p a l l e d  through t h e  a i r  c i r c u l a t i o n  h o l e s  
i n  t h e  crulcibles. This  l o s s  of s c a l e  f o r  some of t h e  samples made cor- 
r e l a t i o n  of t h e  weight change d a t a  very d i f f i c u l t .  
Figure 49 shows t h e  samples a f t e r  t e s t i n g  and t h e  scale 
c o l l e c t e d  i n  t h e  c r u c i b l e  assembly f o r  each of t h e  samples. Using t h e  
s c a l e  formation a s  a measure of ox ida t ion  r e s i s t a n c e ,  I 5 appeared t o  ex- 
h i b i t  good r e s i s t a n c e  t o  ox ida t ion  a t  each test  temperature; a l though,  i n  
genera l ,  i nc reas ing  test temperature seemed t o  r e s u l t  i n  increased  s c a l e  
fo rna t ion  f o r  each of t h e  a l l o y s ,  Unitemp AF 2-IDA exh ib i t ed  t h e  nex t  
b e s t  c y c l i c  ox ida t ion  r e s i s t a n c e  followed by l I I g  mod and I I b ,  r e s p e c t i v e l y ,  
The oxida t ion  r e s i s t a n c e  of I I b  w a s  poor a t  1950°F (1066'C) and the  a l l o y  
was s u s c e p t i b l e  t o  s eve re  a t t a c k  a t  2 1 0 0 ' ~  (1149°C). 
2) Mic ros t ruc tu ra l  Examinations 
Samples of each a l l o y  were examined by o p t i c a l  microscopy 
a f t e r  t e s t i n g  a t  1875, 1950, and 2100°F (1024, 1066, and 1149 '~ )  f o r  a 
t o t a i  of 1000 hours ,  The r e s u l t s  of t h e s e  s t u d i e s  a r e  i l l u s t r a t e d  i n  
Figures  50 t o  5 3  f o r  Unitemp AF 2-IDA, I 5, I I b ,  and I I I g  mod, respec- 
t i v e l y ,  The photographs were no t  t aken  on t h e  edge of t h e  samples, a s  
t he  only samples which experienced any s i g n i f i c a n t  i n t e r n a l  ox ida t ion  were 
the  I I I g  mod samples t e s t e d  a t  1950 and 2 1 0 0 ° ~  (1066 and 1 1 4 9 " ~ ) .  The 
a c t u a l  m i c r o s t r u c t u r a l  changes which occurred i n  each a l l o y  a f t e r  t e s t i n g  
a t  t h e  va r ious  temperatures  were more s i g n i f i c a n t ,  
The s t r u c t u r e  of Unitemp AF 2-1DA va r i ed  considerably w i t h  
i nc reas ing  t e s t  temperature a s  shown i n  Figure 50, Af t e r  cyc l ing  f o r  a 
t o t a l  of 1000 hours a t  1875OF (1024OC), t h e  amount of g r a i n  boundary car -  
b ide  p r e c i p i t a t i o n  was considerable .  These ca rb ides  a r e  probably p r i -  
mar i ly  t h e  M23C6-type wi th  a much lesser amount of  MgC-type carb ides .  The 
gamma prime p a r t i c l e s  a l s o  became coarsened, forming t h i c k  g r a i n  boundary 
envelopes,  Af t e r  t h e  t e s t i n g  a t  1950°F (1066OC). t h e  amount of MC-type 
ca rb ides  v i s i b l y  decreased caueing a cons iderab le  i nc rease  i n  t h e  amount 
of g r a i n  boundary carb ide  p a r t i c l e s .  The ca rb ides  were nea r ly  cont inuous 
w i th in  t h e  g r a i n  boundaries.  Gamma prime coarsening was more s eve re  than  
a f t e r  t h e  1875OF (1024OC) t e s t i n g  and t h e  g r a i n  boundary envelopes were 
considerably thickened, A s eve re  s t r u c t u r a l  change occurred a f t e r  t e s t i n g  
a t  2 1 0 0 ' ~  (114g°C). The gamma prime and g r a i n  boundary ca rb ides  were a l -  
most completely so lu t ioned  a f t e r  t h e  t e s t i n g .  The mic ros t ruc tu re  re- 
sembled t h a t  of a f u l l y  s o l u t i o n  t r e a t e d  sample. 
The r e s u l t s  of t h e  I 5 examinations a s  i l l u s t r a t e d  i n  
Figure 51  were s i m i l a r  t o  t h e  Unitemp AF 2-1DA r e s u l t s  a t  1875OF (1024OC). 
The s t r u c t u r e  cons i s t ed  of ma t r ix  MC-type and g r a i n  boundary M23C6-type 
carb ides ,  whi le  t h e  gamma prime p a r t i c l e s  were coarsened. I 5 behaved 
somewhat d i f f e r e n t l y  than Unitemp AF 2-1DA a f t e r  t h e  1950°F (1066OC) 
t e s t i n g ,  The g r a i n  boundary ca rb ides  d i d  not  form i n  t h i c k  envelopes a s  
f o r  t h e  1875OF (1024OC) sample.. The gamma prime p a r t i c l e s  were consider-  
ab ly  coarsened and showed s i g n s  of some degree of agglomeration. The 
amount of g r a i n  boundary carb ide  p r e c i p i t a t i o n  was less a t  t h i s  tempera- 
t u r e ,  a s  t h e  M23Cg-type carb ide  i n  I 5 was apparen t ly  not  a s  s t a b l e  a s  t h e  
composition which formed i n  Unitemp AF 2-IDA. Af t e r  t h e  2100°F (114g°C) 
t e s t i n g ,  t h e  s t r u c t u r e  was n o t  f u l l y  so lu t ioned  a s  was t h e  ca se  f o r  Unitemp 
AF 2-IDA; however, extreme coarsening and agglomeration of t h e  gamma prime 
p a r t i c l e s  occurred with no g r a i n  boundary carb ide  p r e c i p i t a t i o n ,  
The r e s u l t s  of t h e  I I b  microscopic eva lua t ions  conducted 
on ox ida t ion  samples t e s t e d  a t  t h e  t h r e e  temperatures  a r e  i l l u s t r a t e d  i n  
Figure 52. The s t r u c t u r a l  changes experienced by I 5 wi th  i nc reas ing  test 
temperature  were almost i d e n t i c a l  t o  those  which occurred f o r  I Ib .  The 
only s i g n i f i c a n t  v a r i a t i o n  from t h e  I 5 p a t t e r n  occurred f o r  t he  f I b  s m -  
p l e  t e s t e d  at 2100°F (114g0c). Much more severe  gamma prime agglomeration 
occurred i n  I I b ,  Th i s  agglomeration occurred i n  t h e  a r e a  of t he  g r a i n  
boundaries,  and t h e  p a r t i c l e s  were n o t  continuous, bu t  were agglomerated 
i n t o  i n d i v i d u a l  l a r g e  patches of garmma prime. Although t h e  agglomerated 
g m a  prime p a r t i c l e s  i n  t h e  1 5 sample t e s t e d  a t  2100°F ( l14g0c)  were 
randomly d i s t r i b u t e d  throughout t h e  mat r ix  and along the  g r a i n  boundaries ,  
I I b  experienced l a r g e r  p a r t i c l e  agglomeration, e spec i a l l y  along t h e  g r a i n  
boundaries.  The p a r t i c l e s  w i th in  t h e  g r a i n s  were not  a s  coarsened a s  were 
t h e  I 5 p a r t i c l e s  w i t h i n  t h e  g ra in s .  
The m i c r o s t r u c t u r a l  v a r i a t i o n s  which occurred f o r  I I I g  mod 
wi th  increas ing  ox ida t ion  test temperature a r e  shown i n  Figure 53, Th i s  
a l l o y  experienced only gamma prime coarsening wi th  i nc reas ing  temperature  
up t o  1950°F (1066°C). No g r a i n  boundary carb ide  p r e c i p i t a t i o n  was ev iden t  
a f t e r  t e s t i n g  a t  e i t h e r  1875 o r  1950°F (1024 o r  1066°C). The s t r u c t u r e  
a f t e r  t e s t i n g  a t  2100°F (114g°C) became f u l l y  so lu t ioned  s i m i l a r  t o  t h e  
Unitemp AF 2-IDA sample t e s t e d  a t  2100°F (1149°C). A s i g n i f i c a n t  f e a t u r e  
ev iden t  i n  t h e  I I I g  mod sample a f t e r  t e s t i n g  a t  2100°F (1149°C) was t h e  
pene t r a t i on  of the  i n t e r n a l  oxide a t t ack .  These p a r t i c l e s  pene t r a t ed  t h e  
e n t i r e  sample a rea ,  A much lesser degree of i n t e r n a l  ox ida t ion  occur red  
f o r  t he  I I I g  mod sample t e s t e d  a t  1 9 5 0 " ~  (1066°C). 
3) Examination of Oxide Sca les  
Samples r ep re sen t ing  each of t h e  f o u r  Task I1 a l l o y s  were 
subjec ted  t o  an e l e c t r o n  beam microprobe examination a f t e r  1000 hour c y c l i c  
ox ida t ion  t e s t i n g  a t  1950°F (1066"~) .  The samples were evaluated by X-ray 
and specimen cu r r en t  image photography. The ox ida t ion  mechanisms f o r  each 
of t h e  a l l o y s  were found t o  be  very s imi l a r .  An example of a t y p i c a l  
series of X-ray photographs is  shown i n  Figure 54 f o r  Unitemp AF 2-IDA. 
Also included is an o p t i c a l  micrograph of t h e  a r e a  examined. The X-ray 
photographs were taken a t  400X and t h e  o p t i c a l  micrograph a t  500X. For t h e  
Unitemp AF 2-1DA sample, t h e  s u r f a c e  oxide was broken down i n t o  t w o  s e p a r a t e  
l aye r s .  The l a y e r  n e a r e s t  t he  meta l  su r f ace  was very  r i c h  i n  aluminum and 
a l s o  contained a g r e a t e r  concent ra t ion  of t i t an ium than was p re sen t  i n  t h e  
sample matrix.  I n  a d d i t i o n ,  a moderate concent ra t ion  of coba l t  was presen t .  
Although s l i g h t  t r a c e s  of o t h e r  elements were p re sen t  i n  t h i s  l a y e r  t o  a 
minor e x t e n t ,  t h e  l a y e r  was s i g n i f i c a n t l y  deple ted  i n  chromium and n i cke l .  
The second, o r  outermost oxide l a y e r  was predominantly a chromium-rich 
oxide. This  oxide a l s o  contained a s i g n i f i c a n t  concent ra t ion  of n i c k e l ,  
A s  p rev ious ly  mentioned, t h e  r e s u l t s  of t h e  s t u d i e s  con- 
ducted on t h e  o the r  t h r e e  samples were very s i m i l a r ,  wi th  t h e  except ion  of 
a few minor v a r i a t i o n s .  Due t o  t h e  h ighe r  percentages of tantalum p re sen t  
i n  I 5 ,  I I b ,  and 1118 mod, t h i s  element had more i n f luence  i n  t he  oxide 
l a y e r s  of t h e s e  a l l o y s  than i t  d id  f o r  Unitemp AF 2-IDA. For example, a 
moderate amount of tantalum was presen t  i n  t h e  outermost s ca l ed  l a y e r s  of 
t he se  t h r e e  a l l oys .  Also, although the  Unitemp AF 2-1DA exh ib i t ed  no s i g n s  
of i n t e r n a l  ox ida t ion ,  I I I g  mod experienced some a t t a c k  d i r e c t l y  beneath 
t he  o u t e r  oxide l aye r s  along the  su r f ace  of t h e  sample. A few sma l l  a r e a s  
along t h e  s u r f a c e  of t h e  I 5 and I I b  samples a l s o  experienced some i n t e r n a l  
a t t ack .  I n  a l l  cases ,  t h e  i n t e r n a l  oxide p a r t i c l e s  were found t o  have a 
composition s i m i l a r  t o  t h e  aluminum-rich oxide l a y e r  found a t  the  metal-  
oxide i n t e r f a c e  i n  each of t he  samples, 
Also of i n t e r e s t  were t h e  whi te  p a r t i c l e s  i n  t he  ma t r ix  i n  
t he  sample cu r r en t  image photograph of Figure 54, These p a r t i c l e s  a r e  MC- 
type carb ides  which con ta in  p r imar i l y  t i t an ium and tantalum, The scans  f o r  
I I b  i nd i ca t ed  the  a d d i t i o n a l  presence of hafnium and vanadium i n  t h e  car-  
b ides .  
The r e s u l t s  of t h e  s u l f i d a t i o n  tests conducted a t  1600 and 1 8 0 0 " ~  
(871 and 982°C) f o r  each of t h e  Task I1 a l l o y s  a r e  shown i n  Table 34. The 
s u l f i d a t i o n  r a t e  was c a l c u l a t e d  i n  inches  pene t r a t i on  p e r  year.  I n  g e n e r a l ,  
t he  s u l f i d a t i o n  r a t e  f o r  each of t h e  a l l o y s  a t  1 8 0 0 " ~  (982°C) was h ighe r  
than f o r  1600°F (871°C) t e s t i n g  except  f o r  I I I g  mod, The v a r i a t i o n  i n  t h e  
I I I g  mod t e s t s  is  be l i eved  t o  be due t o  an u n s a t i s f a c t o r y  desca l ing  opera- 
t i o n  f o r  t he  sample t e s t e d  a t  1800°F (982°C). The a l l o y  most s eve re ly  at- 
tacked w a s  Unitemp AF 2-IDA, and a microscopic  examination revea led  t h a t  
Unitemp AF 2-1DA was t h e  only a l l o y  s u s c e p t i b l e  t o  p r e f e r e n t i a l  g r a i n  
boundary a t t ack .  This  a t t a c k  is  i l l u s t r a t e d  i n  Figure 55. I 5 and I I I g  mod 
a l s o  experienced r a t h e r  heavy a t t a c k ,  whi le  t h e  b e s t  r e s i s t a n c e  t o  s u l f i -  
da t i on  was exh ib i t ed  by I I b .  
Samples of each a l l o y  t e s t e d  a t  1800°F (982OC) were examined by 
e l e c t r o n  beam microprobe techniques.  These s t u d i e s  were no t  succes s fu l  i n  
i d e n t i f y i n g  the  mechanism of a t t a c k  f o r  any of t h e  samples. The reason f o r  
t h i s  problem was t h e  heavy amounts of sodium s u l f a t e  which t i g h t l y  adhered 
t o  t h e  samples. The presence of t h i s  compound made t h e  s t u d i e s  very  d i f -  
f i c u l t  t o  i n t e r p r e t ,  i n  t h a t  t h e  a c t u a l  a t t a c k  n e a r  t h e  m e t a l ' s  su r f ace  was 
d i sguised .  
The thermal  cyc l ing  f a t i g u e  tests were d iscont inued  a f t e r  ap- 
proximately 70,000 cyc l e s  from room temperature t o  1800°F (982OC). None 
of t h e  samples experienced macrocracking, and due t o  a t i m e  l i m i t a t i o n ,  
t he  t e s t i n g  was discont inued.  The specimens were sec t ioned  and examined 
by o p t i c a l  microscopy; no evidence of microcracking was seen. 
RY OF RESULTS 
The ob jec t  of t h i s  program was t o  determine the  f e a s i b i l i t y  of 
melt ing and processing a  s e r i e s  of s i x  h ighly  a l loyed  n i c k e l  base a l l o y s  
t o  ba r  s tock ,  and t o  determine t h e  p o t e n t i a l  of t h e s e  a l l o y s  f o r  u se  i n  
advanced gas t u rb ine  engines by eva lua t ing  the  p r o p e r t i e s  of t h e  re- 
s u l t a n t  wrought product. The program was conducted i n  two t a sks ,  and t h e  
a l l o y s  eva lua ted  were I 5, I I b ,  I I I g  mod, I I d ,  I I I g ,  and Unitemp AF 2-IDA. 
Task I involved an eva lua t ion  of f a b r i c a b i l i t y  via a c t u a l  and s imulated 
hot  workabi l i ty  t e s t i n g ,  Task I1 involved a  d e t a i l e d  s tudy  of s e l e c t e d  
compositions which included mechanical proper ty  tests, oxida t ion  tests, 
phase s t a b i l i t y  eva lua t ions  and s t r u c t u r a l  ana lyses ,  The r e s u l t s  can be 
summarized a s  follows: 
1. Based on a c t u a l  ho t  working s t u d i e s ,  four  of t h e  a l l o y s  were 
found t o  be workable t o  ba r  product by ex t rus ion  and/or  h o t  
ro l l i ng .  These a l l o y s  included I 5,  I I b ,  I I I g  mod, and 
Unitemp AF 2-lDA, Rel iab le  hot working parameters  f o r  s i n g l e  
and double extruded m a t e r i a l  were obtained by Gleeble  t e s t i n g ,  
None of t he  a l l o y s  were succes s fu l ly  processed by hammer 
forging opera t ions ,  
2, The gene ra l  s t r u c t u r e  of t h e  a l l o y s  cons i s t ed  mainly of MC- 
type carb ides  and undissolved gamma prime i n  t h e  as-cast con- 
d i t i o n ,  Af te r  f u l l  h e a t  t rea tment ,  t he  MC-type ca rb ides  d i s -  
solved r e s u l t i n g  i n  t he  p r e c i p i t a t i o n  of MgC-and/or M23C6- 
type g r a i n  boundary carb ides  surrounded by a  gamma prime pre- 
c i p i t a t e ,  
3, The b e s t  t e n s i l e  and rup tu re  s t r e n g t h s  over t h e  temperature 
range inves t iga t ed  were exhib i ted  by I Ib .  Tens i l e  s t r e n g t h s  
f o r  Unitemp AF 2-IDA and I I I g  mod were second t o  those  ex- 
h i b i t e d  by I I b ,  and ranged from an average of 10,000 t o  
15,000 p s i  (60 t o  103 ~1rn1-n~) lower than those  exh ib i t ed  by 
I Ib .  The rupture  s t r e n g t h  of Unitemp AF 2-IDA was only  
s l i g h t l y  less than t h a t  exhib i ted  by I I b ,  whi le  I I I g  mod d i s -  
played much later rup tu re  p r o p e r t i e s ,  I 5 exh ib i t ed  low ten- 
s i l e  and rupture  s t r eng ths .  
4 .  The b e s t  o v e r a l l  t e n s i l e  and rupture  d u c t i l i t y  was exh ib i t ed  
by Unitemp AF 2-1DA over t h e  temperature range inves t iga t ed .  
I I b  exhib i ted  low d u c t i l i t y ,  e s p e c i a l l y  near  1800°F (982OC) , 
and I 5 and I I I g  mod experienced a decrease i n  d u c t i l i t y  wi th  
increas ing  t e s t  temperature.  
5. The e f f e c t  of t h e  optimm hea t  t reatments  on s t r u c t u r e  and re- 
s u l t a n t  p r o p e r t i e s  va r i ed  depending upon the  method of pro- 
cessing. D i f f e ren t  s t r u c t u r e s  and p r o p e r t i e s  r e s u l t e d  from 
processing the  m a t e r i a l  by double ex t rus ion ,  s i n g l e  ex t rus ion ,  
and/or ho t  r o l l i n g .  I n  gene ra l ,  t h e  t a r g e t  average g r a i n  
s i z e  of ASTM 4  t o  5  was achieved i n  a l l  of t h e  a l l o y s  through 
s o l u t i o n  t rea tments ;  however, randomly d ispersed  g r a i n s  f rm  
ASTM 2 t o  ASTM 7  were a l s o  present .  
6 .  I I b  experienced phase i n s t a b i l i t y  a f t e r  long t i m e  thermal ex- 
posures when a  needle- l ike M7M6-type mu phase w a s  formed. 
However, heavy p r e c i p i t a t i o n  of MZ3C6-type g r a i n  boundary 
carb ides  a f t e r  exposure a t  1700°F (925O~)  r e s u l t e d  i n  law 
rup tu re  s t r e n g t h s  and b r i t t l e  f a i l u r e s  i n  a l l  of t h e  a l l o y s .  
7. Of t h e  f o u r  a l l o y s  eva lua ted ,  I 5  exh ib i t ed  t h e  b e s t  r e s i s -  
tance t o  oxidat ion.  A l l  of t h e  a l l o y s  were a t tacked  t o  some 
degree during oxida t ion ,  e s p e c i a l l y  t h e  I I b  sample t e s t e d  a t  
2100° F (114g°C) , which experienced very severe  a t t a c k .  
8. The b e s t  r e s i s t a n c e  t o  s u l f i d a t i o n  w a s  d i sp layed  by I Ib .  Sul- 
f i d a t i o n  a t t a c k  was p a r t i c u l a r l y  severe  on Unitemp AF 2-IDA, 
which experienced g r a i n  boundary a t t a c k .  
V I .  CONCLUDING RENARKS 
The high s t r e n g t h  p r o p e r t i e s  exh ib i t ed  by I I b  i n d i c a t e  t h a t  t h i s  
a l l e y  has  a  p o t e n t i a l  f o r  use i n  advanced gas turbine engines, However, 
the a l l o y  l acks  s u f f i c i e n t  d u c t i l i t y  near  1800°F (982OC), has  poor ox ida t ion  
c h a r a c t e r i s t i c s  and d i s p l a y s  phase i n s t a b i l i t y  a f t e r  1500 hours  exposure 
between 1500 and 1700°F (816 and 927°C). Improvements must be  e f f e c t e d  f o r  
these  d e f i c i e n c i e s  by methods which w i l l  n o t  decrease  t h e  s t r e n g t h  c a p a b i l i t i e s  
of t h e  a l l oy .  I t  is t h e r e f o r e  recommended t h a t  chemistry modi f ica t ions  of 
t h e  I I b  composition be  i nves t i ga t ed  t o  e l i m i n a t e  t h e  d e f i c i e n c i e s  of t h e  
a l l o y  i n  a d d i t i o n  t o  thermomechanical processing techniques t o  main ta in  o r  
improve cu r r en t  s t r e n g t h  l e v e l s .  
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TABLE 3 
IMHEREHT DUCTILITY PROFILE 
Test 
Temperature Ultimate Strength Reducti on of Area 
( O F L  (OCL ( p i  (~/mm~) (2) 
Conditions: Heat to indicated test temperature, ho d five minutes and test at 
-i a nominal strain rate of 5"/"/seconds . 
HOT WORK SIMULATION PKOFILE 
Preheat Test I.?ominal Ultimate Reduction 
Temperature Temperature Strain Rate Strength of Area 
(OF) ("C) ( ~ y ]  ("C) (seconds -1) (psi) ( ~ / m ~ )  (%I 
Conditions: Heat to preheat temperature, hold five minutes, cool to test 
temperature and test at indicated nominal strain rate. 
* Homogenized at 2250"~ (1232'C) for ,20 hours, 
TABLE 4 
INHERELJT DUCTILITY PROFILE 
T e s t  
Temperature Ul t imate  S t r e n g t h  Reduction of Area 
( 
Condi t ions:  Heat t o  i n d i c a t e d  t e s t  t empera tu re ,  ho ld  f i v e  minu tes  and t e s t  a t  
-1 a nominal s t r a i n  r a t e  of 5 seconds  . 
WOT WORK SIMULATION PROFILE 
P r e h e a t  T e s t  Nominal Ultimate Reduckioaa 
Temperature Temperature of Area 
Condi t ions:  Heat t o  p r e h e a t  t empera tu re ,  ho ld  f i v e  minu tes ,  c o o l  t o  test  
t empera tu re  and t e s t  a t  i n d i c a t e d  nominal s t r a i n  r a k e ,  
*tiomogenized a t  2 2 5 0 ' ~  (1232'C) f o r  20 hours ,  
TABLE 5 
INHEXENT DUCTILITY PROFILE 
Tes t  
Temperature Ult imate S t rength  Reduction of Area 
(OF) ("C> ( p s i )  (~ i lmm~)  (%I 
Conditions: Heat t o  i nd ica t ed  test temperature,  hold f i v e  minutes and test 
a t  a nominal s t r a i n  r a t e  of 5"/" /second~'~.  
HOT WORK SIMULATION PROFILE 
Preheat  Tes t  Nominal Ult imate Reduction 
Temperature Temperature S t r a i n  Kate S t rength  of Area 
(OF) (OC) 
- (OF) L C >  (seconds-1) ( p i   NU^ (%) 
Conditions: Heat t o  prehea t  temperature,  hold f i v e  minutes,  cool  t o  t e s t  
temperature and t e s t  a t  i nd i ca t ed  nominal s t r a i n  r a t e .  
*iiomogenized a t  2250°F (1232 '~)  f o r  20 hours. 
INHERENT DUCTILITY PROFILE 
Test 
Temperature Ultimate Strengt Reduction of Area 
(OF) 
P (2) 
Conditions: Heat to indicated test temperature, hold five minutes and test 
at a nominal strain rate of 5 seconds'l. 
HOT WORK SIERJLATION PROFILE 
Preheat Test Nominal Ultimate Reduction 
Temperature Temperature Strain Rate Strength of Area 
(OF) ( O C )  
- (seconds'l) ( ~ / l n m ~ )  
Conditions: Heat to preheat temperature, hold five minutes, cool to test 
temperature and test at indicated nominal strain rate. 
-kiiomogenized at 2250°F (1232OC) far 20 hours. 
TABLE; 7 
INfIEREKT DUCTILITY PROFILE 
Test  
Temperature Ult imate S t rength  Reduction of Area 
( O F )  ("c) > p s i )  ( N/mm2) (7:) 
Conditions: Heat t o  i nd ica t ed  t e s t  temperature,  hold f i v e  minutes and t e s t  
at nominal s t r a i n  r a t e  of 5 seconds'l. 
HOT WORK SIl\lULATIOfJ PROFILES 
Pr'eheat Tes t  liominal Ult imate Reduction 
Temoeratur e Temper_ature S t r a i n  Rate S t rength  of Area 
(OF) (OC). 
- (OF) (OC) (second<') ( p s i )  ( N I ~ ?  (%) 
Conditions: iieat t o  prehea t  temperature,  hold f i v e  minutes,  cool  t o  t e s t  
temperature and t e s t  a t  i nd i ca t ed  nominal s t r a i n  r a t e .  
*Homogenized a t  2 2 5 0 " ~  .(123Z0c) f o r  20 hours.  
TABLE 8 
INlIEl-IENT DUCTILITY PROFILE 
T e s t  
Temoerature U l t i m a t e  S t r e n g t h  Reduct ion of Area 
(*c) ( ~ / m m ~ )  (x) 
Condi t ions :  Hear t o  i n d i c a t e d  test t empera tu re ,  ho d  f i v e  minu tes  and t e s t  
- 3c 
a t  a  nominal s t r a i n  r a t e  of 5  seconds  . 
HOT WORK SIMULATION PROFILE 
P r e h e a t  
2075 1135 
2050 1121 
2050 1121 
2050 1121 
2075* 1135 
2050* 1121 
2050* 1121 
2050* 1121 
Condi t ions :  
T e s t  Nominal U l t i m a t e  I ieduct ion 
Temperature S t r a i n  Rate S t r e n g t h  of Area 
(OF) 
- (seconds-I) (N/m2)  
.ieat t o  p r e h e a t  t empera tu re ,  ho ld  f i v e  minu tes ,  c o o l  t o  test 
tempera tu re  and test a t  i n d i c a t e d  nominal s t r a i n  r a t e .  
*Homogenized a t  2250°F ( 1 2 3 2 ' ~ )  f o r  20 hours ,  
T e s t  Temperature Ult imate  S t r eng th  Reduction of Area 
H a t e r i a l  Condition (OF) ("C) ( p s i )  (N /mm2 (%) 
Single  Extruded 2150 1177 16,800 
S ing le  Extruded 2100 1149 52,000 
S ing le  Extruded 2050 1121 60,200 
S ing le  Extruded 2000 1093 72,500 
S ing le  Extruded 1950 1066 94,500 
S ing le  Extruded 1900 1038 103,000 
Double Extruded 2150 1177 43,300 
Double Extruded 2125 1163 46,200 
Double Extruded 2 100 1149 41,500 
Double Extruded 2050 112 1 58,300 
Double Extruded 2000 109 3 73,200 
Double Extruded 19 50 1066 85,500 
Condition: Heat t o  i n d i c a t e d  test temperature  hold f i v e  minutes and test  a t  a 
nominal s t r a i n  r a t e  of 20 seconds-'. 
TABLE lo 
Platenrial Condi t ion  
S i n g l e  Extrud€d 
S i n g l e  Extruded 
S i n g l e  Extruded 
S i n g l e  Extruded 
S i n g l e  Extruded 
S i n g l e  Ext m d e d  
Double Extruded 
Double Extruded 
Double Extruded 
Double Extruded 
Double Extruded 
Doub 1.e Extruded 
Double Extruded 
T e s t  Temperature 
( O F )  
- - ("c) 
Reduct ion of Area 
Condi t ion:  l iea t  t o  i n d i c a t e d  t e s t  t empera tu re  ho ld  f i v e  minutes  and test a t  a 
-1 nominal  s t r a i n  rate of 20 seconds  . 
Tes t  Temperature Ult imate  S t r eng t  1 Reduction of Area 
X a t e r i a l  Condition (" F) c P (N/mm ) (2) 
Single  Extruded 2150 1177 26,100 180 0.0 
S ing le  Extruded 2100 1149 52,200 360 23.5 
S ingle  Extruded 2050 112 1 60,800 4 19 8.7 
S ingle  Extruded 2050 112 1 84,300 581 10.5 
S ingle  Extruded 2000 1093 69,800 481 30.8 
S ingle  Extruded 1900 1038 100,500 693 14.0 
Double Extruded 
Double Extruded 
Double Extruded 
Double Extruded 
Double Extruded 
Double Extruded 
Double Extruded 
Double Extruded 
Condition: Iieat t o  i nd i ca t ed  t e s t  temperature hold f i v e  minutes and t e s t  a t  a 1 
nominal s t r a i n  r a t e  of 20 seconds' . 
T e s t  Temperature Ul t imate  S t r e n g t h  Reduction of Area 
( O F )  
- - ("C) (N /mm2 
S i n g l e  Extruded 2200 1204 37,200 256 5.8 
S i n g l e  Extruded 2200 1204 33,700 232 7.8 
S i n g l e  Extruded 2150 117 7 48,800 336 33.4 
S i n g l e  Zxtruded 2100 1149 59,500 4 10 27.4 
S i n g l e  Extruded 2050 112 1 59,000 40 7 20.8 
S i n g l e  Extruded 2000 109 3 77,500 5 34 27.9 
Double Extruded 
Double Extruded 
Double Extruded 
Double Extruded 
Double Extruded 
Double Extruded 
Doub Le Extruded 
Double Extruded 
Condi t ion:  Heat t o  i n d i c a t e d  test t empera tu re  h o l d  f i v e  minutes  and t e s t  at a  i nominal s t r a i n  r a t e  of 20 seconds' . 
Test Temperature Ultimate Strength Reduction of Area 
(OF) ('cl (psi> ( N I ~ ~  - > 
Condition: Heat t o  indicated t e s t  temperature, h o l  f i v e  minutes and test 
-4 
at  a nominal s train  rate of 20 seconds . 
TAULE 14 
T e s t  Temperature Ultimate Strength Reduction of Area 
("C) (psi) ( BI / m U J )  
Condition: Heat t o  indica ted  t e s t  temperature, hold f i v e  minutes and t e s t  a t  
a nominal s t r a i n  r a t e  of 20 seconds'l. 
X-Ray D i f f r a c t i o n  S tudies  of Residues Extracted From 
Specimens f o r  Task I S t r u c t u r a l  Evaluat ions 
Phase* 
MC YI_ - lIf N M?B4 Ta7N 
Un, i t emp AF 2-1DA As-Cas t S W 
Quenched f rm 2050°F (1121°C) S M ?VW 
Extruded S VW 
I1.b 
11.1 g mod 
As-Cas t S W 
Quenched f ram 2000°F (1093.~) S VW 
Extruded S VW 
As-Cas t S VW 
Quenched f rora 2000° F (1093°C) S VW 
Extruded S VW ?W 
As-Cas t 
Quenched f ran 2000°F (109 3OC) 
Extruded 
As-Cas t 
Quenched from 2000°F (1093OC) 
Extruded 
As-Cas t 
Quenched f ran 2 0 5 0 * ~  (1121.~) 
Extruded 
*Residues Ext rac ted  E l e c t r o l y t i c a l l y  i n  a 10% H C 1  Methanol Solu t ion .  
S Represents Strong;  !.f, Medium; W, Weak; and V ,  Very. 
TABLE 16 
X-Ray Di f f r ac t ion  S tudies  of Residues Extracted from Task I1 
Rela t ive  Concentration 
Alloy of Phases Present* 
MC** & &3C& 
- 
Unitemp 2200°F/2 h r s  S 
AF2-1DA 2200°F/2-l~rs  + 1950°F/2 h r s  S W 
2200°F/2 h r s  + 1950°F/2 h r s  + 1400°F/16 h r s  M \ W 
I 5  2225"F/1 h r  1.1 
2225OF/l h r  + 1950°F/16 h r s  M VW 
2225OF/1 h r  + 1950°F/16 h r s  + 1400°F/16 h r s  M VW 
I I b  2225OF12 h r s  . S 
2225OF/2 h r s  + 1900°F/2 h r s  S W 
2225OF/2 h r s  + 1900°F/2 h r s  + 1400°F/16 h r s  S W 
I11 g mod 2225OF12 h r s  VS 
2225?F/2 h r s  + 1950°F/2 h r s  S 
2225OF/2 h r s  + 1950°F/2 h r s  + 1400°F/16 h r s  S 
* S Represents Strong; M, Moderate; W ,  Weak; and V, Very. 
** MC-type carb ides  displayed varying parameters ,  depending on t h e  elements present .  
Major elements i d e n t i f i e d  included t i tan ium,  tantalum and hafnium. 
TABLE 16 
X-Ray D i f f r a c t i o n  S tud ie s  of Residues Ext rac ted  f r m  Task I1 
Alloys Af t e r  Each Stage of Heat Treatment 
Re la t ive  Concentrat ion 
Alloy of Phases Present* 
Designat i o n  Condition MC** 
- w 93% 
Uni temp 1204OC/2 h r s  S 
AF2-1DA 1204°C/2 h r s  + 1066"C/2 h r s  S W 
1204"C/2 h r s  + 1066°C/2 h r s  + 760°C/16 h r s  M W 
I 5  1 2 1 9 " ~ / 1  h r  
1219°C/1 h r  + 1066°C/16 h r s  
121g°C/1 h r  + 1 0 6 6 ° ~ / 1 6  h r s  + 7 6 0 ° ~ / 1 6  h r s  
I I b  1219O~12 h r s  S 
121g°C/2 h r s  + 1038°C/2 h r s  S W 
1219OC12 h r s  + 1038°C/2 h r s  + 760°C/16 hrs S W 
111 g mod 1219OC12 h r s  VS 
1219OC12 h r s  + 1 0 6 6 ° ~ / 2  h r s  S 
121g°C/2 h r s  + 1066°C/2 h r s  + 760°C/16 h r s  S 
* S Represents Strong;  M, Moderate; W, Weak; and V,  Very. 
** MC-type carb ides  d isp layed  varying parameters,  depending on t h e  elements present .  
Major elements i d e n t i f i e d  included t i tan ium,  tantalum and hafnium. 
TABLE 1 7  
U l f  hefe. Reduction 
Temperature Tenei le  .S Yield Strength] Elongation of Area 
("C) 
v ( N / m 2 )  _ (XI 
Rsom Room 193,900 1337 152,300 1050 12.4 12,6 
183,700 1267 152,700 1052 6 .3  7-9 
Neat Treatment: 2200°P/2 hours/RAC + 1 9 5 0 ° ~ / 2  hours/RAC + 1 4 0 0 " ~ / 1 6  hourslAC 
1204"C/2 hours/~AC + 1066"C/2 hours/RAC + 760°C/16 hours/AC 
TABLE 18 
ultimate 
Tensile Strength 
( p s i )  ( N / m 2 )  
Reduction 
of Area Yie ld  S treogt4 
( p s i )  (Nlm ) 
Elongation 
Room Room 
Heat Treatment:, 2225OF/l hour/RAC + 1950°~/16 hours/RA~ + 1 4 0 0 ~ ~ / 1 6  hours/~C 
1219°~/1 hour/RAC + 1066OC/16 hours/RAC + 760°c/16 hours/AC 
TABLE 19 
Ullthate 
Tensile Strength 
Rsm Room 217,700 1501 
215,600 1487 
Yield Strength 
( 
Elongation 
Reduction 
of Area 
Neat Treatment: 2225OF/2 hours/RAC C 1900°F/2 hours/RAC + 1400°~/16 h o u r s / ~ ~ ,  
121g°C/2 hours/RAC + 1038"~/2 hours/RAC + 760°c/16 hours/~C, 
TABLE 20 
Ultimate 
Tenper eburs Tensfle Streagt. Yield Strength Elongation 
(OF) (P+ ((N/= ) ( ~ 1 ~ 4  
Room Roo111 209,300 1443 152,000 1048 17,2 
213,000 1469 158,300 1091 17,9 
Reduction 
of Area 
Heat Treatment: 2225'~/2 hourslRAC +I950  OF/^ hours/RAC + 1400°~/16 hours/A~. 
1219°C/2 hours/PAC + 1066°~/2 houre/~AC + 760°C/16 hours/AC. 
TABLE 21 
Reduction 
Temperature Rupture Life Elongation of Area 
(hours ) 
Heat Treatment: 2200°F/2 hours/RAC 9 1950°F/2 hours/RAc 9 14 0 0 ~ ~ / 1 6  hours/~C. 
1204"~/2 hours/RAC + 1066"C/2 hours/RAC + 762OC/16 houre/AC. 
TABLE 22 
Teaperat ure stress 
F c (p8i) (u/&) 
Rupture Life 
Reduction 
sf Area 
Heat Treatment: 2225 '~ /1  hour/RAC + 1 9 5 0 e ~ / 1 6  hours/RAc + 1 4 0 0 ° ~ / 1 6  hours /A~ ,  
121geC/1 hour/RAC + 1066°C/16 hours/RAC + 760°c/16 hours/AC, 
*Specimen broke in shoulder, 
**Craekad specimen, 
TABLE 23 
Reduction 
Stress  Rupture L i f e  Elongation 
( N /mm2) 
Heat Treatment: 2225 '~ /2  h o u r s / W  + 1900°F/2 hours/RAC + 1400°F/16 hours/AC 
1219OC/2 hours/RAC + 1038OC/2 hours/~AC + 760°C/16 hours/AC 
TABLE 24 
Reduction 
of  Area Teaperature Stress  Rupture L i f e  
(OF) c ( p s i )  CN/IUUI~) 
Elongation 
(%I 
*Broke i n  shoulder. 
Heat Treatment: 2225OF/2 hours/RAC + 1950°F/2 hours /l(AC + 1400°F/16 hourslAC, 
1 2 1 g 0 ~ / 2  'hburs/RhC' + 1060°C/2 hours/RAC + 760°C/16 hours/AC, 
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TABLE 26 
Test Conditions Unitemp AF 2-lDA - I 5  - I Ib I11 g mod 
1300°F / 110,000 qsi 519 
704°C / 758 N / m  
Heat Treatments : 
Unitemp AF 2-IDA - 220O0F/2hours/RA~+195O0~/2 hours/RA~+1400~~/16 hours/AC 
1204°C/2hours/~AC+10660C/2 hourslRAC+ 760°C/16 hours/AC 
1 5  - 2225°F/lhour /KA~+1950"F/16hours/RAC+14OO~F/16 hours/AC 
1219"~/lhour /RA~+1066"C/16hours/~A~+ 760°C/16 hours/AC 
IIb - 2225°~/2hours/~AC+19000F/2 hours/RA~+1400~F/16 hours/AC 
1219°~/2hours/RA~+10380~/2 hours/RAC+ 760°C/16 hours/AC 
IIIg mod - 2225°F/2hours/RAC+19500F/2 hours/~A~+1400~F/16 hours/AC 
1219°~/2hours/RA~+10660~/2 hours/RAC+ 760°C116 hours/A~ 
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TABLE 28 
S t r e s s  Rupture P r o p e r t i e s  f o r  Task I1 Alloys i n  t h e  
S ing le  Extruded and Rolled Condition* 
Temperacure 
(OF) (OC) 
-
Unf tamp AF 2- IDA 1300 704 
1400 760 
1500 816 
1600 871 
1800 982 
I I b  
S t r e s s  
( p s i )  ( ~ l m ~ )  - 
Rupture L i f e  
(hours ) 
Elongat ion (a Reduction i n  Area (XI 
*Extruded from t h r e e  inch  diameter t o  one inch (0.025 m) diameter ,  and r o l l e d  t o  0.5 inch  (0.013 m) diameter ,  
Heat Treatment: Unitemp AF 2-1DA - 2200°F/2 hours/RAC + 1950°F/2 hours/RAC + 1400°F/16 hours/AC 
1 2 0 4 " ~ / 2  hours /~AC + 1066OC/2 hours/RAC + 760°C/16 hours/AC 
I 5  - 2 2 2 5 " ~ / 1  hour /RAC + 1950°F/16 h o u r s / ~ ~ ~  + 1 4 0 0 ° ~ / 1 6  hours/AC 
1219OC/l nour /RAC + 1066OC/16 hours /~AC + 760°C/16 hcurs/:,C 
IIb - 2225 '~ /2  liours/~AC + 1 3 C 0 ° ~ / 2  hours/RAC + 1400°F/16 hours/AC 
121g0c/2 hours/~AC + 1 0 3 8 ° ~ / 2  hours/RAC + 760°C/16 hours/AC 
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Oxidation Data f o r  Task I1 Alloys 
Subjected t o  Cycl ic  Tes t ing  a t  1875OF ( 1 0 2 4 O ~ )  
Unitemp 1,06 1,84 -0.17 -0.24 0.20 0.55 0.77 0.91 1,15 1.47 
AF 2-IDA 1,25 2.28 0.05 0.19 0.49 0.89 1.15 1.27 B. 46 Ee78 
111 g mod 0.43 1.35 1.78 1.63 1.78 1.92 2.11 2.15 2,31 2.65 
0.44 1.42 2.12 2.34 2.56 2.73 2.96 2.99 3,16 3.48 
*No da ta  a v a i l a b l e  due t o  cracked conta iner .  The con ta ine r  was replaced f o r  t h e  remaining measurements. 
TABLE 32 
Oxidation Data f o r  Task I1 Alloys 
Subjected t o  Cycl ic  Test ing a t  1950°F (1066OC) 
Alloy Cumulative Weight Change (mg/cm2) a f t e r  t e s t i n g  for :  
Designation 100 hours 200 hours 300 hours 400 hours 500 hours  600 hours 700 hours 800 hours 900 hours 1000 hours 
Unit emp 1.23 1.44 0.12 -0.15 -0.29 -0.29 -0.29 0.37 0.49 0.77 
AF 2-1Dh 1.28 1.24 1.14 0.86 0.72 0.77 0.58 0e70 0.70 0.77 
I I b  
I11 g mod 0.90 2.25 2.40 2.17 2.11 2.22 2.67 2.83 2.85 3.31 
1.05 1.48 1.76 1.02 0.77 0.32 0.31 0.35 0.32 0,43 
TABLE 33 
Oxidat ion Data f o r  Task I1 Alloys 
Subjected t o  Cyc l i c  Tes t i ng  a t  2100°F (114g°C) 
IIb 19,70 59.34 88.34 120.41 1.49.50 173.52 189.99 212.27 2361.27 257,293 
2.19 42.99 84.73 115.94 143.48 170.33 187.78 208.08 222.67 241.95 
TABLE 34 
Sulfidation Data for Task 11 Alloys 
rature Oulfidation Rate 
Uni temp AF 2-1DA 1600 871 45 .O 
1800 982 64.2 
I I b  
I I I g  mod 
A .  FOR EXTRUSION TO ONE INCH DIAMETER 
B. FOR EXTRUSION TO THREE 1NCi-I DIAMETER 
FIGURE I : SCHEMATIC DIAGRAMS OF TWO TYPES OF 
CANNED B I L L E T S  FOR EXTRUSION TO TWO SIZES. 
A .  GLEEBLE 
L o .  160" 
C .  STRESS RUPTURE 
E. CONTINUOUS OXIDATIN 
G. SULFIDATIOM 
2 TEST SPECIMEN 
B. TENSILE 
D. INTERRUPTED LOW CYCLE FATIGUE 
K t  = 2.5 
F. CYCLIC OXIDATION 
H. THERMAL 
- 1 
C 
S t r a i n  Rate 5 seconds 
I Tested on Heating 
Y f Tested  on Cooling from 2000°F (1093O~) 
0 
2 A Tested  on Cooling from 2050°F (1121°c) 
Q: @ Tested on cool ing  from 2075OF (1135Oc) 
Y- 
O Homogenized a t  2250°F (1232O~)/20 h r s / A ~  
C 
0 S t r a i n  Rate 20 seconds'l 
. - 
- v Tested on Cooling from 2000°F (1093O~) 
0 
=1 A Tested on Cooling from 2050°F (1121°c) 
-0 
a 0 Tested on Cooling from 2075OF (1135Oc) 
a 
Test Temper~ture ('6) 
FIGURE 3 : GLEEBLE HOT W O R K A B I L I T Y  CURVES FOR 
AS-  CAST UNITE MP A F 2 - I D A  AND I 5 .  
t S t r a i n  Rate 5 seconds-' I Tested  on Heating V Tested  on Cooling from 2000°C (1093Oc) 4 Tested on Cooling from 2050°F (1121°c) 
Homogenized a t  2250°F ( 1 2 3 2 0 ~ ) / 2 0  hrs/Ac 
S t r a i n  Rate 20 seconds'l 
V Tested on Cooling from 2000°F (1093Oc) 
A Tested on Cooling from 2050°F ( l i 2 1 ° c )  
I Test Temperature , ( O F )  
1080 1100 1200 
Test Temperature ( O C )  
FIGURE 4 G L E E B L E  H O T  W O R K A B I L I T Y  CURVES FOR 
AS-CAST E b AND mg mod. 
- 1 
S t r a i n  Rate 5 seconds 
Tes ted  on Heating 
Tested on Cooling from 2000°F (1093OC) 
Tested on coo l ing  from 2050°F (11.21°C) 
Tested on Cooling from 2075OF (1135OC) 
Homogenized a t  2250°F (1232Oc)/20 h r s / ~ c  
S t r a i n  Rate 20 seconds-l 
Tes ted  on Cooling from 2000°F (1093O~)  
Tested on Cooling from 2050°F (1121°c) 
Tested on Cooling from 2075OF (1135OC) 
1700 1800 1900 2000 2100 2200 
Test  Temperature ( O F )  
I000 l 100 1200 
Test Temperature (OC) 
FIGURE 5 G L E E B L E  HOT W O R K A B I L I T Y  CURVES FOR 
A S - C A S T  II d AND I E g  . 
Ext rus ion  Temperature 
AF2-IDA 
mg 
I l d  
I1 b 
I 5  
II lg  mod 
GURE 6 : RESULTS OF SERIES I SINGLE EXTRUSIONS 
A l l oy  Ext rus ion Temperature 
AF2-IDA 2050°F 
mg 2050°F 
I I d  2050°F 
I I b  2050" F 
IIIg mod 2050" F 
I 5  2000°F 
GURE 7 :  RESULTS OF SERIES I SINGLE EXTRUSIONS 


A )  Ini t ial  Trials 
I l I g  mod 
a d  
Extrusion Temperature 
B) Second Trial  
TTb 
mg mod 2100°F 
FIGURE IO: RESULTS OF FIRST PHASE OF DOUBLE EXTRUSIONS 




FIGURE 15: UNlTEMP AF2-IDA AND I 5  BARS ROLLED FROM 3$ 
DIAMETER INGOTS TO ONE INCH DIAMETER ROUND 
CORNERED SQUARE BARS. 
Unitsnap AF2-IDA 
0 - Sing le  Ex t ruded 
@ - Double Extruded 
1800 1900 2000 2 100 2200 - 
Test Temperature ( O F )  
1000 1100 1200 
Test Temperature (OC) 
FIGURE 16: GLEEBLE HOT WORKABILITY CURVES FOR 
EXTRUDED UNITEMP AF2-IDA AND 1 5 .  
0 
1800 1900 2 0 0 0  2 100 2 2 0 0  
Test Temperature ( O F )  
0 - Single  Extruded 
O - Double Extruded 
1000 1100 1200 
Test Temperature ( O C )  
FIGURE I?: G L E E B L E  H O T  W O R K A B I L I T Y  CURVES FOR 
E X T R U D E D  BCb AND ng mod. 
0 - Single Extruded 
0 - Single Extruded 
1800 1900 2 0 0 0  2 100 2 2 0 0  
Test Temperature ( O F )  
1000 1100 1200 
Test Temperature (OC) 
FIGURE 18: GLEEBLE HOT WORKABILITY CURVES FOR 
EXTRUDED Ed AND ID.. g . 
FIGURE 19: PHOTOMICROGRAPHS REPRESENTING THE BASIC 
VAR1ATfONS IN THE AS-CAST MICROSTRUCTURES 
OF THE EXPERIMENTAL ALLOYS. 
FIGURE 19 :(continued) PHOTOMIC ROGRAPHS REPRESENTING 
THE BASIC VARIATIONS IN THE AS-CAST MIC- 
ROSTRUCTURES OF THE EXPERIMENTAL ALLOYS. 
R21308 mg 500X 
Quenched from 2050°F 
Unitemp AF2- IDA 
Quenched from 2050°F 
FIGURE 20 : PHOTOMICROGRAPHS OF X g AND UNITEMP 
AF2-IDA ILLUSTRATING THE S IMILARITY  
TO THE AS-CAST STRUCTURE AFTER 
QUENCHING FROM THE OPT1 MUM WORK- 
ING TEMPERATURE. 
R 2  1329 5 0 0 X  R 2 1 3 2 8  5 0 0 X  
Unitemp AF2-IDA 
Three inch diameter bi l  let One inch diameter bi l le t  
R 2 1 4 0 1  5 0 0 X  R 2 1 4 0 2  5 0 0 X  
I S  
T h r e e  inch diameter b i l l e t  One inch diameter  b i l l e t  
FIGURE 21 : PHOTOMICROGRAPHS COMPARING THE STRUCTURES 
OF THREE ALLOYS AFTER EXTRUSION TO THREE INCH 
DIAMETER AND ONE INCH DIAMETER B ILLETS.  
R 2 1 3 3 5  500X R21334 5 0 0 X  
mg 
Three  inch d iamete r  b i l le t  One inch d iamete r  b i l le t  
FIGURE 21 :(continued) PHOTOMICROGRAPHS COMPARING THE 
STRUCTURES OF THREE ALLOYS AFTER E X -  
-rm ~ r ~ n h  rn  - r t ~ m r  
~ n b a ~ u ~ d  rv ~rt l .rrrE Ii'dCH DIAMETER AND ONE 
INCH DIAMETER BILLETS.  
R 21608 2 0 0 X  R 2 1 5 8 6  2 0 0 X  
2 175OF/4hours 2 2 0 0 ° F  / 2 hours 
G r a i n  S i ze  ASTM 6-7 Grain Size : ASTM 4 -5  
R 2 1 6 1 0  2 0 0 X  
2 2 5 0 ° F /  2  hours  
G r a i n  S i z e  : A S T M  3 - 4  
FIGURE 22:  OPTICAL MICROGRAPHS OF DOUBLE EXTRUDED 
U N I T E M P  A F 2 - I D A  I L L U S T R A T I N G  T H E  EF-  
FECT O F  vAR iOuS  S O b u T i O N  TREATMENTS 
ON G R A I N  S I Z E .  
R21615 500X R21617 500X 
2225OF/ 1 hr. + 1950°F/2 hrs. 2225OF/ l hr. t 2000°F/ 16 hrs. 
R 2 162 5 500X 
2225OF/ 1 hr t 1950°F/ 16 hrs. 
FIGURE 23: OPTICAL MICROGRAPHS OF DOUBLE EXTRUDED 
I 5  ILLUSTRAIING THE EFFECT OF VARIOUS IN-  
TERMEDIATE AGING TREATMENTS ON GAMMA 
PRIME AND GRA I N BOUNDARY CARBIDE 
PRECIPITATION. 
5000X EM 1611 5 0 0 0 X  
2200°F / 2 hrs. 
EM1620 5000X E M  162 1 5000X 
2200" F / 2 hrs. t 1950°F/2 hrs. 
FIGURE 24: ELECTRON MICROGRAPHS OF UNITEMP AF2-IDA 
ILLUSTRATING THE VARIATIONS IN STRUCTURE 
AFTER EACH STAGE OF HEAT TREATMENT. 
FIGURE 24: (cc,nlinued) ELECTRON MICROGRAPEIS OF UN l TEMP 
AF2- IDA ILI-USTRAPING THE V A R I A T I O N S  IN 
STRUCTURE AFTER Eaew S T ~ G E  OF HEAT 
TREATr iENT, 
5 0 Q O X  EM 1739 
2225OF/ I hr. 
EM 1876 58BQX EM 1873 
%22%"F/  I kr. + 1950°F/ 1 6 h r s  
FIGURE 25 .  ELECTRON M IGROGRAPHS OF 1 5 1 &,LUSTRA -- 
TING THE VARIATIONS IN STRUCTURE AFTER 
EACH STAGE OF HEAT TREATMENT 
FlGldB E 2%: (continued) ELECTRON M lCROSWAPl iS OF 1 5 
ILLUSTRATING THE VARIATION$ IN STRCjCTijRE 
AFTER EACH STAGE OF HEAT TREP\TPdEN%- 

2225"F/2 hrs. + 19OO0F/2 hrs. + 1400° F/  16 hrs. 

E M 2 & 3 7  5000 X EM2839 5 0 Q O X  
222SeF/ 2 hrs. t a950QF/% krs. + e4$OPSaF ,P t 6 ~ B I S .  
FIGURE 27: (continued) ELECTRON MICROGRAPHS OF ILLprrq mod 
ILLUSTRATING THE VARIATIONS IN s ~ a u c i u ~ ~  
AFTER EACH STAGE OF HEAT TREATMENT. 
Test Temperature (T) 
1500 
I - A F 2 - I D A  
1250 
C 
&I 
E 
E 
\ 
Z 
U 
r I000 & 
r 
2! 
ifj 
Q) 
- . 
V1 
r 
z 
750 2 
were heat  treated by the optimum methods E 
determined from the heat treatment . - C - 
3 
500 
Test Temperature (OF) 
FIGURE 28: ULTIMATE TENSILE STRENGTH versus TEST TEMPERATURE FOR 
TASK 3I ALLOYS. 
(0001 x !sd) 
'446uall~ Pla!A '10 Z'O 
Test Temperature (OC) 
5 0 0  600 700 800 900 1000 
CONDITION : Samples of each al loy were sectioned 
from double extruded bars and were heat 
treated by the optimum met hods determined 
from the heat treatment evaluation. 
R T. 1000 1200 1400 1600 1800 
Test Temperature ( O F )  
FIGURE 30: TENSILE DUCTILITY VERSUS TEST TEMPERATURE 
FOR TASK I1 ALLOYS. 
100 I - AF2- IDA 
90 
80 
70 
- 60 
0 8 50 
% 
. - 
Z 4 0  
Y 
tn 
tn 
2 30 C 
cn 
20 
from double extruded bars and were heat 
treated by the optimum methods determined 
from the heat  treatment evaluation. 
10 
38 40 42 44 46 4 8  50 52 
Parameter T (20 + log t 1 x 
FIGURE 31: LARSON-MILLER PARAMETER CURVES SHOWING 
STRESS RUPTURE PROPERTIES OF TASK II ALLOYS. 
Test Temperature ( O C )  
700 800 900 1000 
I I I I 
~ - - l I b  CONDITION : Samples of each alloy were I - AF2-IDA sectioned from double extruded bars 
O - I X g  mod and were heat treated by the optimum 
A - 1 5  methods determined from the heot 
treatment eva luotion. 
1300 1400 1500 1600 1700 1800 1900 
Test Temperature (OF) 
FIGURE 32 : STRESS RUPTURE DUCTILITY versus TEST TEMPER- 
ATURE FOR TASK l ALLOYS. 
5000X EM 1710 
1480" F - 90,000 psi 
(Rupture  L i f e -  1 1  8.2 hours) 
1600°F - 55,000 psi  
(Rupture L i f e  - 53.3 hours) 
FIGURE 33 "MICROSTRUCTURES OF DOUBLE EXTRUDED 
l s a l  T ~ R  B n q-snw ~e~ce r s  g. 0 1  I D T I  VIVI i ~ 1 w f r  HFL-ILJH ~ r -  1 ~ 6 ; 6  nTRESS n u r  r dRE 
TESTING AT VARIOUS CONDITIONS.  
5000X 
1900°F 
(Rupture b i  
FIGURE 33: (continued) MICROSTRUCTURES OF DOYBb E EX- 
TRUDED U N I E M P  AF2-IDA AFTER STRESS 
RUPWUR TESTING AT VARIOUS CONDITIONS. 
EM 1988 5000X EM1907 
148Q°F - 90,000 p s i  
( Rupture L i f e  - 110.2 hours 1 
EM1727 5080% EM 1929 5000 X 
1608°F - 55 ,000  p s i  
( R ~ ~ p l u r e  Life - i 8.7 !aori;rs ) 
5000 X 
1900°F 
(Rupture L 
- I 
i f e  
1400°F - 90,QOQ psi  
( R u p t u r e  L i f e  - 201.7 hours )  
1680°F - 55,009 p s i  
- n 
"- C c* 
EM2100 5 0 0 0  X EM2099 5000X 
19OO0F - 15,000 p s i  
(Rupture  L i f e  - 50.1 hours )  
FIGURE 3 5 :  (continued) MICROSTRUCTURES OF DOUBLE 
EXTRUDED a b AFTER STRESS RUPTURE 
TESTING AT VARIOUS CONDITIONS. 
EM2022 5000X EM2023 5000 X 
14OO0F - 90,000 psi 
( R u p t u r e  L i fe  - 38.5 hours)  
E M  2029 5000X EM2030 5000X 
1600" F - 55,000 p s i  
(Rupture  L i f e  - 25 .6  hours)  
FIGURE 36 : MICROSTRUCTURES OF DOUBLE EXTRUDED 
g mod AFTER STRESS RUPTURE TESTING 
AT VARIOUS CONDIT IONS.  
5000 X 
1900" F 
(Rup tu re  
' -15 
L i f e  
EM2032  
1,000 ps i  
- 76.4 hours) 
FIGURE 36 : (continued) M I C  ROSTRU CTURES OF DOUBLE 
EXTRUDED mg mod AFTER STRESS RUPTURE 
TESTING AT VARIOUS CONDITiONS.  
FIGURE 37 : T A S K  II ALLOYS R O L L E D  FROM IQ INCH DIAMETER CANNED 
SINGLE E X T R U D E D  BILLETS TO 0.6 INCH D IAMETER BARS.  

I00 690 
90 62 1 
80 55 2 
70 483 
60 414 
C 
o 50 345 
0 
0 - 
-
" 40 .- 
V )  
276 
n 
E 
\ 
U Z 
cn 
c) 
" 30 2 207 " 
C Q) 
0-3 L 
.c 
m 
20 138 
I - Double Extruded 
O - Singie Extruded & Rolle 
10 69 
38 40 42 44 46 48 50 52 
Parameter T(20 + log t )  x 10" 
FIGURE 39: L A R S O N - M I L L E R  PARAMETER CURVES SHOWING STRESS 
RUPTURE P R O P E R T I E S  O F  I 5  AFTER VARIOUS METHODS 
O F  P R O C E S S I N G .  
@ - Double Extruded 
0 - Single Extruded & Rolled 
I 0  69 
38 40 42 44 46 48 50 52 
Parameter T(20 + log t ) x 
FIGURE 40 : LARSON- MILLER PARAMETER CURVES SHOVVl NG 
STRESS RUPTURE PROPERTIES OF 'llb AFTER 
VARIOUS METHODS OF PROCESSING. 
Rolled Directly from Ingot 
S /R  L i fe  at 1300°F /100  ks i  = 841.5 hours 
R 2 2 0 0 2 - 8  2 0 0 X  
Single  Extruded and Rol led 
S /R  L i f e  at  1300°F/  100 ks i  = 138.2 hours 
FIGURE 41 : OPTICAL MICROGRAPHS OF 1% STRESS RUPTURE 
SAMPLES ILLUSTRATING THE STRUCTURAL VAR- 
iATlONS WHiCH OCCUR DEPENDING ON THE 
METHOD OF PROCESSING. SAME HEAT  TREAT- 
M E N T  WAS USED FOR BOTH SAMPLES. 
R 2 2 5 1 6  5 0 0 X  
Double Extruded 
S /R  L i f e  at 1400°F/90 k s i  = 201 .7  hours 
R 2 2 5 1 3  500 X 
S ingle  Extruded and Ro l led  
S / R  L i f e  at 1 4 0 0 ° F /  90 k s i  = 69.7 hours  
FIGURE 42 OPTICAL MICROGRAPHS OF D b STRESS RUPTURE 
SAMPLES ILLUSTRATING THE STRUCTURAL V A R -  
IATIONS WHICH OCCUR DEPENDING ON THE 
METHOD OF PROCESSING. SAME HEAT TREAT- 
MENT WAS USED FOR BOTH SAMPLES.  
EM 1984 5000X E M  1982 5000X 
1400°F / 1500 hours 
E M  2054  5000X E M  2060 5 0 0 0  X 
1500°F/ I 500  hours 
FIGURE 43 : ELECTRON MICROGRAPHS ILLUSTRATING THE 
MICROSTRUCTURE OF U N l T E M P  AF2- IDA 
AFTER 1500 HOURS EXPOSURE AT VARIOUS 
TEMPERATURES.  
E M  1976 5000X EM 1970 5 0 0 0  X 
1600°F/ 1500 hours 
1700°F / 1500 hours 
FIGURE 43 : (conf inued) ELECTRON MICROGRAPHS ILLUS - 
TRATlNG THE M ICROSTRUCTURE OF UNITEMP 
AF'Z-IDA AFTER i500 HOURS EXPOSURE A T  
VARIOUS TEMPERATURES. 
1400°F / 1500 hours 
1 5 0 0 ° F  / 1500 hours 
FIGURE 44 : ELECTRON MICROGRAPHS I LLUSTRATI  NG THE 
MICROSTRUCTURE OF I 5 AFTER 1500 HOURS 
EX POSURE AT VARIOUS TEMPERATURES. 
1600°F / 1500 h o u r s  
EM 2 0 1 2  5000X EM2014  
1700°F/ 1500 hours 
FIGURE 44 : (continued) ELECTRON MICROGRAPHS ILLUS - 
TRaTlNG THE MIGROSTRUCWURE OF 1 5  AFTER 
I500 HOURS EXPOSURE AT VARiOClS TEMFaERAVURES. 
EM2424 5000 X EM2426 5000X 
1400°F / 1500 hours 
EM 2435 5000 X E M 2 5 7 3  5000 X 
1500°F / 1500 hours 
FIGURE 4 5  : ELECTRON MICROGRAPHS ILLUSTRAT ING THE 
MICROSTRUCTURE OF I I b  AFTER 1500 HOURS 
EXPOSURE AT VAR iOuS  TEMPERATURES. 
EM 2609 5000X EM 2443 5000X 
1600°F / 1500 hours 
EM2449 5000 X EM2450 5000 X 
1700°F / 1500 hours 
FIGURE 45: (cont inued) E L E C T R O N  MICROGRAPHS ILLUSTRA- 
TING THE MICROSTRUCTURE OF II b A F T E R  1500 
HOURS EXPOSURE AT VARIOUS TEMPERATURES.  
E M 2490 5000X E M 2 4 8 9  
I40O0 F / 1500 hours 
1500°F / I500 hours 
FIGURE 46: ELECTRON MICROGRAPHS ILLUSTRATING THE 
MICROSTRUCTURE OF mg mod AFTER 1500 
HOURS EX POSURE AT VARIOUS TEMPERATURES. 
I 600° F / 1500 hours 
5000 X EM 2469 
1700°F / 1500 hours 
FIGURE 46 : (continued) ELECTRON MICROGRAPHS ILLUSTRA- 
TING T H E  MICROSTRUCTURE O F m g  mod AFTER 
1500 HOURS EXPOSURE AT VARIOUS TEMPERATURES. 
IT b 1600°F/1500 hours 1700X 
FIGURE 47 : SCANNl NG ELECTRON MICROGRAPH OF A II b 
SAMPLE AFTER A 1600°F/  15QQ hour EXPOSURE 
SHOWING HEAVY GRAIN BOUNDARY PRECIPITATE 
AND NEEDLE-LIKE P L A E L E T S .  

FIGURE 49 : SAMPLES RESULTING FROM 1000 HOUR STATIC 
OXIDATION TESTS CONDUCTED AT 1875, 1950 
AND 2100°F. 
R22522 500X 
Test Temperature 1875OF 
R22530 B 500X 
Test Temperature : 1950°F 
R22538 B 500X 
Test Temperature : 2 100°F 
FIGURE 50 : O P T I C A L  MICROGRAPHS ILLUSTRATING T H E  EF- 
FECTS O F  1000 HOUR C Y C L I C  OXIDATION TESTS 
C O N D U C T E D  AT VARIOUS T E M P E R A T U R E S  ON 
T H E  M I CROSTRUCTURE O F  UNITEMP AF2- IDA.  
R22523 500X R2253 L B 500X 
Test Temperature : 1875OF Test Temperature 1950°F 
R22534 B 500X 
Test Temperature 2100°F 
FIGURE 51 : O P T I C A L  MICROGRAPHS I L L U S T R A T I N G  T H E  
E F F E C T S  O F  1000 HOUR C Y C L I C  OXIDATION 
TESTS CONDUCTED AT VARIOUS T E M P E R -  
A T U R E S  ON THE M I C R O S T R U C T U R E  OF 15. 
R 2 2 5 2 4  5 0 0 X  
Test Temperature : 1875OF 
R 2 2 5 3 2  B 500 X 
Test Temperature : 1950°F 
R 2 2 5 3 5 8  5 0 0 X  
Test Temperature 2 100°F 
FIGURE 52 O P T I C A L  M I C R O G R A P H S  I L L U S T R A T I N G  THE 
E F F E C T S  O F  1000 HOUR C Y C L I C  O X I D A T I O N  
TESTS CONDUCTED AT VARIOUS TEMPER - 
A T U R E S  ON T H E  M I C R O S T R U C T U R E  O F  II b . 
R22525 500X R22533 B 5 0 0  X 
Test Temperature : 1875OF Test Temperature : 1950°F 
R22539B 500 X 
Test Temperature ; 2100°F 
FIGURE 53 : O P T I C A L  M I C R O G R A P H S  I L L U S T R A T I N G  T H E  
E F F E C T S  O F  1000 HOUR C Y C L I C  OXIDATION 
TESTS C O N D U C T E D  AT V A R I O U S  T E M P E R  - 
A T U R E S  ON T H E  MICROSTRUCTURE OF IIIg mod. 
Optical  Micrograph 5 0 0 X  
Sample Current Image 4 0 0 X  Oxygen 
Aluminum Ti tan ium 
FIGURE 54  E L E C T R O N  B E A M  MICROPROBE S C A N S  S H O W I N G  ELE - 
M E N T  D I S T R I B U T I O N  IN M A T R I X  A N D  O X I D E  S C A L E  O F  
A UNITEMF A F 2 - I D A  C Y C L i C  G X i D A T l O N  S A M P L E  
T E S T E D  FOR 1000 HOURS AT 1950°F . 
Chromium N i c k e l  
C o b a l t  Molybdenum 
Tungsten Tantalum 
FIGURE 54: (cont inued ) ELECTRON BEAM MICROPROBE SCANS SHOW- 
ING ELEMENT DISTRIBUTION IN MATRIX AND OXIDE 
SCALE O F A  UNITEMP AF2-IDA C Y C L I C  OXIDATION 
SAMPLE TESTED FOR 1000 HOURS AT 1950°F. 
R21871 500X 
1800°F Su l f  idation Test Specimen 
FIGURE 55 : O P T I C A L  M I C R O G R A P H  O F  U N I T E M P  A F 2 - I D A  
I L L U S T R A T I N G  GRAIN B O U N D A R Y  ATTACK 
AFTER SULFIDATION TESTING FOR ONE 
HOUR A T  1800°F. 

